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1 Introduction 

1.1 Solar Energy and Solar Cell Market 

For countless reasons, our world needs energy. Nowadays, the global energy 
consumption is growing very fast. Most of the commercial energy supply is from the 
combustion of fossil fuels, for instance, coal, oil and natural gases. However, fossil 
fuel combustion has various unfavorable environmental effects, such as air pollution, 
CO2 green house effect etc. What is more, the amount of fossil fuel on the planet earth 
only decreases. The world politics and global economics can also bring uncertainty to 
the crude oil price. Such unpredictable risks have already badly affected the market. 
To find a sustainable solution for increasing world energy consumption, people have 
already started giving attention to renewable energy, for example, hydro energy, tidal 
energy, wind energy and solar energy.  

In fact, the solar energy that is radiated on earth is much more than our total 
energy consumption. A photovoltaic (PV) device, namely a solar cell, can convert the 
unlimited sunlight into electricity, and it becomes one promising solution for the 
increasing future energy demand.  

Although PV energy at present cannot compete with the conventional electricity, 
the undoubted potential of PV energy has been accelerating the developments in PV. 
After PV-supporting policies in Germany and Japan since the year 2000, the world 
demand for PV products considerably increased, and that triggered the sky-rocket 
development in R&D and industrial manufacture. As a result, the cost for PV energy 
has been reduced.  

Based on cell efficiency and cost, solar cells can be classified in three 
generations. The first generation solar cell is crystalline silicon (c-Si) based p-n 
junction solar cells with comparably high efficiency. Today, with great improvements 
in technology, this type of cells can be fabricated with efficiencies ~ 25%. However, 
the strong dependence on feed stock silicon for mono/poly crystalline cells limits their 
future. Scientists and engineers are still working hard on different directions to reduce 
the production cost of photovoltaic electricity. One route is to reduce the consumption 
of the expensive silicon wafers. For instance, wafer based HIT (heterojunction with 
intrinsic thin-layer) solar cell can be made with a 70 μm wafer [1]. Another route, 
popular in both laboratories and industries, is to develop the second generation solar 
cells, known as thin film solar cells, with decent performance and low costs. Thin film 
solar cells include non-silicon based cells, for instance, Cadmium Telluride (CdTe) 
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and Copper Indium Gallium Selenide (CIGS) cells and organic solar cells, as well as   
silicon based solar cells, for instance, single junction hydrogenated amorphous silicon 
(a-Si:H) cell, single junction hydrogenated nanocrystalline silicon (nc-Si:H) cell and 
micromorph (a-Si:H/nc-Si:H) tandem cells and multijunction cells. Recently, First 
Solar announced that their CdTe based solar modules cost as low as ~ 1 US$/Wp [2]. 
United Solar also claimed that the cost of solar modules will be ~ 1 US$/Wp in 2012 
[3]. Thin film silicon solar cells, for many reasons, still receive much attention in both 
laboratory research and PV industries in the future. Oerlikon, as a pioneer in thin film 
silicon module production, has announced a micromorph tandem cell with stabilized 
efficiency of 10.4%, produced in their KAI-M industrial reactor [4]. In our lab, the 
best tandem cell on an Asahi transparent conductive oxide (TCO) glass reaches also 
an efficiency of 10.4% after 1000 hours of light soaking. 
 

1.2 Thin Film Silicon Materials 

1.2.1 Hydrogenated Amorphous Silicon (a-Si:H) 

Amorphous silicon is different from crystalline silicon which has a periodic atomic 
structure. The most distinct feature in amorphous silicon is that there is no long range 
order and no symmetry. Such matrix disorder can lead to a large number of strained 
bonds. The energy levels of the strained bonds (or weak bonds) then form band tails 
in the energy band structure. When the weak bond breaks, resulting into two dangling 
bonds, they have to be passivated by another atom (mostly atomic hydrogen) to 
prevent the presence of defects in the mid-gap region.  

However, a-Si:H has an inherent drawback. Its defect density can be greatly 
increased when exposed to long time illumination, though this effect has been 
substantially reduced in recent years by modifying the medium range order in the 
films, known as protocrystalline, or edge material. Such light-induced degradation is 
known as ‘the Staebler Wronski Effect’ [5]. 
 

1.2.2 Hydrogenated Nanocrystalline Silicon (nc-Si:H) 

Nanocrystalline silicon, which is often also called microcrystalline silicon, is a phase 
between crystalline silicon and amorphous silicon. It is considered as a mixture of 
crystallites, amorphous silicon and grain boundaries. In 1983, Matsuda found that by 
varying the deposition parameters, such as the hydrogen dilution and substrate 
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temperature, that the structure of thin film silicon shifted from the amorphous to the 
nanocrystalline [6]. In general, the crystalline fraction of nanocrystalline silicon 
increases when there is more atomic hydrogen present in the growth environment.  
These hydrogen atoms can diffuse into the silicon network, then break the Si-Si bonds 
and form Si-H-Si intermediate bonds. When the hydrogen atoms leave the bonds, the 
silicon network relaxes and the bond energy is released for nucleation [7]. Different 
models like surface diffusion [6] and selective etching [8] have been used to explain 
the transition from amorphous material to microcrystalline material upon dilution with 
hydrogen. In the surface diffusion model, the surface diffusion of the chemically 
activated silicon species and the surface coverage by hydrogen are important for the 
growth precursors to find favorable sites for the growth of nanocrystalline silicon. In 
the selective etching model, both a-Si:H and nc-Si are deposited simultaneously but 
the hydrogen etches only the a-Si:H which favors nc-Si:H growth. 

1.3 Thin Film Silicon Solar Cells 

1.3.1 Introduction 

Compared to crystalline silicon in which charge carriers have a diffusion length of 
more than 100 μm, a-Si:H and nc-Si:H materials contain a density of electronic 
defects, and the diffusion length of the charge carriers in these materials is very short, 
in the range of a few hundred nanometers. In a thin film solar cell, an a-Si:H or a 
nc-Si:H intrinsic absorber layer is sandwiched between  two doped layers (n-layer, 
and p-layer), in a structure which we call p-i-n or n-i-p configurations, as is shown in 
Figure 1-1. The charge carriers can be extracted by the drift along the electric field 
created by the doped layers.  

 
Figure 1-1 Schematic demonstration of superstrate type (left) and substrate type (right) solar 
cells. 
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1.3.2 Light Trapping 

Optically, a-Si:H and nc-Si:H layers have a higher absorption coefficient than 
crystalline silicon. This gives thin film silicon solar cells an advantage over c-Si. 
However, the deposition rates of both a-Si:H and nc-Si:H are still low, while these 
thin films have to be at least 200 nm and 1.5 μm, respectively, for sufficient light 
absorption. Besides improving the deposition rate to economically produce thicker 
(and thus better absorbing) layers, the optical path within the solar cell can be 
prolonged by light trapping techniques. These techniques mainly include the use of 
front window texture and back reflector. The former scatters the incident light and 
enhance the total reflection of the internal light at the silicon/ZnO:Al interface, and 
the latter reflects and scatters the unabsorbed light to the cell at the back contact. 

The light trapping scheme in p-i-n cells consists of a texture-etched front window 
TCO (in our case ZnO:Al) and back reflector (ZnO:Al and the silver). A sketch is 
shown in Figure 1-2. 
 

 
Figure 1-2 Schematic sketch of different light paths in a p-i-n type nc-Si:H solar cell with 
texture-etched ZnO:Al. The drawing is not to scale. 
 

In this thesis, the development of texture-etched ZnO:Al, which serves as the 
front window in the p-i-n (superstrate) structured solar cell is introduced and 
discussed in Chapter 3. 
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1.3.3 Thin Film Solar Cells 

The demands for renewable energy and for protection of the environment stimulate 
the fast development of thin film solar cells and modules. At present, plasma 
enhanced chemical vapor deposition (PECVD) is the most often used technique for 
amorphous silicon deposition in laboratory research and industry. In 2003, IMT in 
Neuchâtel reported the best stabilized efficiency of 9.47% for a 1 cm2 a-Si:H solar 
cell [9]. In Utrecht, the standard amorphous silicon solar cell (i-layer thickness 400 
nm in a p-i-n configuration) deposited by very high frequency plasma enhanced 
chemical vapor deposition (VHF PECVD) has shown initial efficiency of 10.3%. In 
2009, Oerlikon Solar reported an improved stabilized efficiency of 10.09% for a 
1.047 cm2 single junction a-Si:H solar cell with an i-layer thickness of 250 nm [10]. 

The first solar cell with a nanocrystalline silicon intrinsic absorber layer was first 
published in 1994 by Meier et al. of IMT at the University of Neuchâtel in 
Switzerland. This single junction solar cell showed an efficiency of 4.6% [11] with a 
current over 21 mA/cm2. In 2006, a single junction nc-Si:H solar cell with a stabilized 
efficiency of 10%  was made [12]. By Inserting an intrinsic nc-Si:H p/i buffer layer 
prepared by HWCVD into a p-i-n cell made by PECVD, a high initial efficiency of 
10.3% for the single junction nc-Si:H solar cell was obtained [13]. 

In 1994, the same year of the first report on nc-Si:H single junction cell, the 
concept of ‘micromorph’ came into being, also introduced by IMT Neuchatel [14]. 
The term ‘micromorph’ comes partly from ‘microcrystalline’ and partly from 
‘amorphous’. The term thus refers to a stacked or tandem a-Si:H/nc-Si:H solar cell. 
Solar cells built according to this concept offer several advantages. First, the a-Si:H 
cell and the nc-Si:H cell combined together can absorb a broader range of the solar 
spectrum. Second, the total Voc is the summation of the Voc of the two sub-cells. Third, 
the thickness of amorphous intrinsic layer can be reduced, and the light-induced 
degradation is weakened. A typical structure of a micromorph silicon cell (p-i-n type) 
is given in Figure 1-3. The first reported initial efficiency of a micromorph silicon 
tandem cell is 9.1% [14]. Tandem cells fabricated using this concept are sometimes 
also called, ‘hybrid’ cell (mainly in Japan) [15]. Kaneka Corporation has fabricated a 
large area (91 cm x 45 cm) micromorph tandem solar cell module (thin film Si hybrid 
solar cell) with an efficiency of 13.5%. An even greater initial efficiency of 14.7% has 
been achieved in small area device (1cm2) [15]. 
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Figure 1-3 Schematic structure of a 'micromorph' tandem solar cell in superstrate (p-i-n) 
configuration 
 

At Utrecht University, a micromorph silicon tandem cell (0.16 cm2) was 
deposited with an initial efficiency of 11.9% by optimizing the pressure and 
inter-electrode distance of the H2/SiH4 plasma (see also Chapter 5). 

Due to the achievements of cells and modules on glass substrates, researchers 
and industrialists have started to develop such cells and modules on flexible substrates. 
 

1.4 Status of Relevant Research and Issues of This Thesis 

1.4.1 Textured-etched ZnO:Al for Light Trapping 

The front window TCO is an important part of the light trapping technique. For 
micromorph cells, and especially for nc-Si:H solar cells, an ideal light-trapping TCO 
should help to enhance the absorption in the long wavelength range above 800 nm. 
The TCO should have a low carrier concentration to prevent free carrier absorption in 
the long wavelength regime or the near infrared region. In addition, it should be 
possible to modify the TCO surface to obtain the required texture, so that it can 
efficiently scatter the incident light, and extend the useful optical path within the solar 
cell. ZnO:Al already has been studied for this purpose, because of its excellent optical 
and electrical properties, its good stability in a plasma environment, and because 
texture is obtained in the as-grown state or created by convenient methods such as wet 
etching [16, 17]. For light-trapping purposes, the scattering properties can be 
improved by producing surface texture with high roughness, but a TCO with too high 
roughness causes defects in the i-layer when the i-layer is deposited on it [18]. The 
sputtering pressure [19], type of etchant [20], and substrate temperature [21] have 
significant effect on the texture-etching of ZnO:Al. It is also found that texture-etched 
ZnO:Al, having craters with diameters from 1 to 3 μm, depths of ~ 150 - 400 nm and  
opening angles between  120o and 135o, is suitable for efficient light trapping. A 
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current density of up to 26.8 mA/cm2 was achieved in nc-Si:H solar cell with 1.9 μm 
i-layer [21].   

There is still room to improve the current in nc-Si:H solar cells. The model 
proposed by Tiedje et al. [22] predicts a current density of 16.8 mA/cm2 for only the 
spectral region from 650-1100 nm. In principle, we can still further optimize the 
texture-etched ZnO:Al for better light trapping for our nc-Si:H solar cells. For ZnO:Al, 
a high substrate temperature during deposition gives rise to large size grains, which is 
preferred as it leads to a proper texture for light trapping by wet etching. In order to 
apply better light trapping in our solar cells, we have to find out the optimum 
temperature for the growth of ZnO:Al with proper grain size, which offers a better 
texture (after etching) than that used so far for light-trapping. In addition, the etching 
effects leading to ZnO:Al texture have to be understood well. The research results in 
this topic are introduced and discussed in this thesis. 
 

1.4.2 Silicon Materials and PV Devices 

Light induced degradation is always a drawback for a-Si:H and micromorph tandem 
solar cells. It is important to find out whether devices will degrade more or less if they 
are deposited on flexible substrates. Canon reported a three-stacked 
a-Si:H/nc-Si:H/nc-Si:H solar cell on stainless steel with 13.1% initial efficiency. After 
144 h light soaking, the saturated degradation rate was about 7.2% [23]. IMT has 
fabricated a-Si:H solar cell on PEN substrate with an initial efficiency of 8.8% [24]. 
However, no stabilized efficiency was given. Compared with devices on glass, the 
stability for thin film silicon devices on flexible substrate is an important issue.  We 
also intend to develop more stable PV devices. To achieve this goal in case of 
micromorph tandem devices, the cell is preferred to be bottom (nc-Si:H) cell limited, 
to reduce the light induced degradation. Our scheme can be achieved by modifying 
the thickness of top and bottom cells to keep the current slightly mismatched so that 
the tandem structure is bottom cell limited.  

The deposition rate is also an issue for thin film silicon research. As we know, 
a-Si:H and nc-Si:H are the core materials for thin film silicon technology. In a single 
junction solar cell, the typical thickness for a-Si:H i-layer and nc-Si:H i-layer are 
~ 400 nm and ~ 2 μm, respectively, due to their different absorption coefficients in 
their effective absorption wavelength range. However, on average the deposition rates 
for high quality intrinsic silicon layers made by PECVD are still low; it is ~ 0.1 nm/s 
for a-Si:H and ~ 0.2 nm/s for nc-Si:H. That means that only the bottom cell of a 
micromorph tandem will take about 3 hours. Such a time consuming process is neither 
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acceptable for mass production, nor for laboratory processing. The deposition rate of 
silicon layers has to be increased, while the layer properties in our research are 
maintained (or even improved). 

When using Al foils as substrates, we found that unlike the glass substrate case, 
the deposition of silicon layers usually curls the foil. This could influence the real 
deposition distance between the foil and the electrode. To compensate the curling and 
and optimize the H2/SiH4 plasma for deposition on Al foil, the effects of 
inter-electrode distance and process pressure on plasma deposition were studied 
together. These experiments were carried out following a corollary of Paschen's law. 
It states that breakdown occurs at the same voltage under varing pressure and 
inter-electrode distance conditions as long as their product (the p·d product) is equal. 
Also the sustaining voltage for DC discharges in the Townsend regime should be 
equal at the same p·d product. To extrapolate this to a glow discharge (for instance, 
SiH4/H2 plasma) is not immediately evident, because the Debye length would remain 
constant if the plasma density and electron temperature do not change. We have to 
verify if the knowledge implicated in the Paschen's law is still true for SiH4/H2 
plasmas for nc-Si:H deposition. Therefore, the effects of p and d on plasma deposition 
were studied in three SiH4/H2 plasma series in which the p·d product is either kept 
constant or varied.  

In the end, all the knowledge gained is applied to silicon thin film depositions on 
Al foil, and finally thin film silicon cells and modules on plastics are made, following 
the Helianthos concept [25].  
 

1.5 Objectives and Outline 

The purpose of the work in this thesis is to develop high quality intrinsic layers 
(especially nc-Si:H) for micromorph silicon tandem solar cells and modules on plastic 
substrates following the substrate transfer method (knows as the Helianthos 
procedure). Two objectives are covered in this thesis: (1) optimization of single 
junction and tandem cells on glass substrate and preliminary work on flexible cells. 
(2) silicon solar cell depositions on Al foil, and afterwards the characterization and 
development of these cells and modules on plastic substrates. 

The first objective includes the development of suitable ZnO:Al TCO for 
nc-Si:H single junction solar cells, fabrication of  the aimed micromorph tandem solar 
cells on glass, and finally the optimization of the nc-Si:H i-layer for the depositions 
afterwards on Al foil. Chapter 3 addresses the improvement of texture etching of 
ZnO:Al by studying the HCl etching effect on ZnO:Al films sputter-deposited in a 
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substrate heater temperature series. With the texture-etched ZnO:Al front TCO, a 
single junction nc-Si:H solar cell was deposited with an initial efficiency of 8.33%. 
Chapter 4 starts with studying the light soaking and annealing effects on micromorph 
tandem solar cell. In the end, a highly stabilized bottom cell current limited tandem 
cell was made. The tandem shows an initial efficiency of 10.2%, and degraded only 
by 6.9% relative after 1600 h of light soaking. In Chapter 5, the nc-Si:H i-layers were 
studied in 3 pressure and inter-electrode distance series. The correlations between 
plasma physics and the consequent i-layers’ properties are investigated. We show that 
the Raman crystalline ratio and porosity of the nc-Si:H layer have an interesting 
relation with the p·d product. By varying p and d, device quality nc-Si:H layer can be 
deposited at a high rate of 0.6 nm/s. These results in fact are a very important step for 
the second objective. 

Chapter 6 is devoted entirely to the second objective. All silicon layers are 
deposited on special aluminum foils. Completed devices (including single junction 
a-Si:H, nc-Si:H and micromorph silicon tandem cells/modules) on plastic substrates 
are characterized and discussed. In the end, 2.5 cm2 area micromorph tandem cells on 
foil were fabricated with an initial efficiency of the best cell to be 8.12% (FF = 0.64). 
After 1000 h of light soaking, its efficiency and FF degraded about 15% and 14.2% 
respectively.  
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2 Experimental Methods and Concepts 

2.1 PECVD and Plasma Characterization 

Plasma enhanced chemical vapor deposition (PECVD) is used nowadays by the 
industry as the most important technique for thin film silicon solar cell depositions. 
Deposition at the standard radio frequency (RF) power at 13.56 MHz is most common, 
though very high frequency (VHF) is gaining momentum.  In this thesis, most a-Si:H 
and nc-Si:H thin films were prepared by VHF PECVD.  
 

2.1.1 Introduction 

The PECVD method is a glow discharge process.  After the flow of silicon containing 
gas (silane or SiH4) and other gases to the reaction chamber is started, a gas discharge 
is ignited and sustained by an electric field between two parallel electrode plates by 
using an RF power source. In such a discharge process, electrons are accelerated. 
They gain energy from the applied electric field and dissociate the gas molecules into 
different neutral radicals, positive ions and release secondary electrons from the 
electrode. These particles can react with each other in the discharge volume, 
producing many other different stable ions and radicals. The plasma will reach a 
quasi-equilibrium state, in which the production of ions and electrons balances the 
losses of these species at the electrodes. There is a large difference between the 
masses of ions and electrons. In an RF discharge, only electrons can follow the 
changes in the high frequency electric filed. Therefore, the loss of electrons at the 
electrodes is initially higher than that of positively charged species (ions), causing a 
charge separation. Due to this separation effectively an electric field is generated: the 
electrodes are negatively charged and in front of the electrodes a layer (the sheath) 
with positive charge is formed, resulting in a compensation of the difference in loss 
between electrons and ions. The plasma bulk is quasi-neutral. If the plasma density is 
high enough, the plasma shields itself form electric fields. The potential difference 
between the electrodes is built up in a thin layer of a few Debye lengths in front of the 
electrodes. Figure 2-1 demonstrates the potential distribution between the electrodes. 
Vpl is the plasma potential. The plasma bulk has a positive potential with respect to 
the ground, because the potential builds up in the sheaths by ions. Figure 2-1 also 
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shows the DC bias voltage resulting from the fact that the grounded and powered 
electrodes are different in size. In our experiments, the bias is usually only a small 
fraction of the applied voltage. Some of the resulting radicals and ions, which may 
contribute to layer growth, are called growth precursors. Some precursors are 
adsorbed on the growth surface (substrates) and the thin films are then deposited. 
 
 
 
 
 

0 V 

Vpl 

Vdc

 
Grounded
Electrode 

 
Powered 
Electrode 

 
Figure 2-1 A schematic demonstration of a time averaged potential distribution between the 
powered and grounded electrodes. 
 
 

2.1.2 Introduction to PECVD 

2.1.2.1 VHF PECVD and the ASTER System 

The deposition system ASTER stands for Advanced Silicon Thin film Experimental 
Reactor. The ASTER is an ultra-high vacuum (UHV) multi-chamber deposition 
system, a schematic top view structure of which is shown in Figure 2-2. Four reaction 
chambers are connected to the main transportation chamber. In each reaction chamber, 
a 10 x 10 cm2 

substrate holder can be transported to the grounded electrode by an 
automatic robot arm. In each of these reaction chambers, standard RF PECVD at 
13.56 MHz, VHF PECVD or hot-wire CVD (HWCVD) can be employed by simple 
changing of the reactor assembly. In this research, only VHF PECVD was employed. 
There are two chambers used only for intrinsic silicon layer depositions. One of them 
is equipped with a showerhead gas inlet cathode of 170 cm2 area. The RF frequency is 
fixed at 60 MHz. Plasma discharge power is provided by a 1 kW variable power 
supply. The pressure can be set between 0.1 to 10 mbar. The inter-electrode distance 
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can be varied from 6 mm to 27 mm. This chamber is mainly used at high pressure, 
high power conditions for nc-Si:H i-layer depositions. The chamber is equipped with 
in-situ optical emission spectroscopy (OES) (see Section 2.1.3) and voltage-current 
(V-I) impedance probes (see Section 2.1.4).  All i-layers in the pressure variation and 
inter-electrode distance variation series (Chapter 5) were deposited in this chamber. 
The other chamber for i-layer deposition is equipped with a single point side gas inlet. 
The cathode size is 150 cm2. The RF frequency can be varied from 10 to 100 MHz. 
The applied plasma discharge power can range from 1 to 50 W. Pressure can be set 
between 0.1 to 10 mbar. The inter-electrode distance is fixed at 27 mm in this 
chamber. This reactor is only used for a-Si:H i-layer depositions. The other two 
chambers are used for p- and n-layer depositions. 
 

 

LL 

1 
2

3

4

Figure 2-2 Schematic structure of the ASTER ultra high vacuum multichamber deposition 
system. From the lower left corner clockwise, the chambers are the load lock (LL), nc-Si:H 
i-layer deposition chamber (with shower head) (1), p-layer deposition chamber (2), n-layer 
deposition chamber (3) and a-Si:H i-layer deposition chamber (4). The OES system and V-I 
probe (see Section 2.1.4) are installed in chamber 1. 
 

2.1.2.2 Standard RF PECVD and the PASTA System 

The multichamber system PASTA stands for Processing system for Advanced 
Semiconductor Thin film Applications. In PASTA, standard RF PECVD at 13.56 
MHz and HWCVD of thin film semiconductor materials are possible. This is an UHV 
deposition system with six deposition chambers and a load-lock. The system is 
partially automated. The layers can be doped p-type or n-type. p-, i- and n-layers are 
made in separate chambers and all chambers are connected to each other via a central 
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transport chamber. SiH4, Si2H6, GeH4, CH4, PH3, TMB (tri-methyl-borane), NH3, CO2, 
D2, and H2 gas lines are connected to the system to make, a-Si:H, nc-Si, a-SiC:H(B), 
nc-Si(B), a-Si:H(P), nc-Si(P), Si1-xNx:H and a-Si1-xGex:H films on 10 cm x 10 cm 
substrates or to perform interface treatments.  

Amongst the six chambers, three are installed as hot-wire CVD and the other 
three chambers are installed as PECVD chambers for p, i and n layers respectively. In 
this section,  p, i and n layers of the a-Si:H single junction cells on both Asahi-U glass 
and aluminum foils were deposited by means of standard 13.56 MHz RF PECVD in 
PASTA. 
 

2.1.3 Plasma Characterization by Optical Emission 

Spectroscopy (OES) and Camera 

The plasma conditions can be obtained from the OES spectrum. In Figure 2-3, a 
typical OES spectrum of a SiH4/H2 plasma is depicted. The peak positions in the light 
emission are due to Si* (289 nm), SiH* (414 nm), Hβ (486 nm), and Hα (656 nm). 
When silane SiH4 is dissociated, the produced Si* and SiH* species in excited states 
decay to lower energy states, and emit photons. The emission intensities of Si* and 
SiH* correspond to the rate of silane dissociation. Similarly, when molecular 
hydrogen H2 is dissociated, atomic hydrogen in the excited state H* decays via 
Balmer emissions. The emission of Hα and Hβ correspond to Balmer α (n = 3→2) and 
Balmer β (n = 4→2) emission, respectively. The intensity of these two emissions 
indicates the rate of dissociation of molecular hydrogen. By studying all emission 
intensities, the plasma can be characterized.  

The OES spectra are collected by a detector through the view port of the reaction 
chamber 1 (the one with the showerhead) of the ASTER system. An Avantes MC2000 
calibrated CCD spectrometer is used to record the spectra.  For the convenience of 
analysis, the data from OES spectra are all normalized to an integration time of one 
millisecond.  
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Figure 2-3 A typical OES spectrum for nc-Si:H deposition conditions, in which the positions of 
the four important emission peaks are specified. They are Si * at 289 nm, SiH* at 414 nm, Hβ 
(Balmer β) at 486 nm and Hα (Balmer α) at 656 nm 

 
The plasma emission was also studied using a digital photo camera. Photographs 

were taken at a distance of roughly 30 cm from the plasma. The camera was focused 
at the center of the electrodes, only a small fraction of homogeneous plasma between 
the electrodes can be recorded. The same aperture and shutter speed were used for all 
photographs. To calculate the intensity profile the image is converted to a grayscale 
with generic image processing software. The total intensity line profile is then 
calculated by averaging each line of pixels along the direction parallel to the electrode. 
The plots show the gray-value on a scale from 0 to 1, where 0 is black and 1 is white. 
 

2.1.4 V-I Probe 

An MKS V-I Probe RF Impedance Analyzer was utilized for plasma power 
monitoring and control. This is very essential for determining the VHF power 
coupling, because power losses in various components can be large at high 
frequencies. The probe is installed between the match box and the plasma reaction 
chamber. The primary function of the V-I probe is to measure the real time rms 
voltage (|V|) and current (|I|), and the phase angle (|φ|) between the voltage and 
current. By internal data processing, parameters like the impedance (|Z|), delivered 
power (V·I·cos|φ|) can be simultaneously obtained. The determination method of the 
delivered power is illustrated by Figure 2-4.  
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Figure 2-4 An illustration of how the delivered power is derived 
 
 

2.2 Setups for Material Characterizations 

Material characterizations for both silicon layers and ZnO:Al layers have been carried 
out  with the following setups.  
 

2.2.1 Optical Characterizations 

2.2.1.1 Mini Reflection Transmission spectrometer 

The mini reflection transmission spectrometer (RT-mini) is an efficient and 
convenient setup to measure the specular reflection (R) and transmission (T) spectra 
of a material. The R and T measurements can be done simultaneously at the same spot 
using a halogen lamp as light source, and with good accuracy in a wavelength range 
between 380 nm and 1050 nm. The sample must be prepared on a transparent 
substrate, and measured facing the light source. The light from a halogen lamp is 
transmitted by an optical fiber. The transmitted and reflected light collection is carried 
out by two photodiode arrays. The measurement data are recorded through an 
interface connected to the ‘FIRST’ software. All optical data, for instance layer 
thickness, refractive index (n) and extinction coefficient (k) values, can be obtained 
by solving the dielectric function of the thin film described by the OJL model [26], 
named after the authors’ family names, O’Leary, Johnson and Lim. The model has 
been implemented in the ‘SCOUT’ software, which is part of the ‘FIRST’ software.  
 

2.2.1.2 Perkin Elmer (a UV-VIS Spectrometer) 

The Haze of the texture-etched ZnO TCO layers were measured by a Perkin Elmer 
Lambda 2S double beam spectrophotometer equipped with an integrating sphere. The 
Haze is defined as,  
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in which, Tdif denotes the diffuse transmission, Tspe denotes the specular transmission 
and Ttot is the total transmission.  

The Perkin Elmer spectrophotometer has two light sources, one deuterium lamp 
for UV light and one halogen lamp which provides visible and near infrared light, 
respectively. With both lamps, specular and diffuse measurements for both 
transmittance and reflectance can be carried out. The geometrical configurations for 
the measurement of total transmittance and diffuse transmittance are shown in 
Figure 2-5. 
 

Diffused transmission 

Sample 

Total transmission 

 
Figure 2-5 An illustration of the use of an integrating sphere for diffuse and total transmission. 
 

The spherical chamber is used for light integration. On the inner surface a 
coating is present, which is made of highly reflective material (barium oxide) in order 
to collect all diffusely scattered light. The diffuse transmission is measured by the 
sphere with an opening at the end. By utilizing a tilted back plate, the total 
transmission can be obtained. The collection error is about 2.5%, which is mainly due 
to the leakage from the incident or the outgoing opening. Before each measurement, a 
calibration sample made of barium oxide is needed as a 100% reflection reference 
over the whole wavelength region.  
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2.2.2 Electrical Characterizations 

2.2.2.1 Measurement for Dark and Light Conductivity 

The conductivity of the deposited layers can be measured using a contact design as 
shown in Figure 2-6. Two silver pads are evaporated on a silicon layer with mask, 
which creates a fixed width w and contact length l between the two pads.  
 

Top 
view 

l 

d 

w

Side 
view 

Ag contact 

Si layer 

glass 
 

Figure 2-6 An illustration of the contact design for conductivity measurements. 
 

The conductivity σ can be determined by σ = (I·w)/(V·l·d), in which V is the 
applied voltage, I is the measured current. The dark conductivity (σd) and light 
conductivity (σph) are obtained with the sample in the dark and under illuminated 
conditions, respectively. The photosensitivity is determined from the ratio σph/σd. 
 

2.2.2.2 Activation Energy 

The activation energy Ea is the energy difference between the Fermi level and the 
conduction band edge in a semiconductor. The temperature dependent dark 
conductivity σd(T) is given as,  
 

0( ) exp( )a
d

ET
kT

σ σ= −                                                                     (2.2) 

 
The activation energy Ea can be obtained by finding the slope of the Arrhenius 

plot (ln σd(T) = ln σ0 - Ea/kT) of the temperature dependence of the dark conductivity 
curve.  
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2.2.2.3 Hall Measurement  

The resistivity, Hall mobility and carrier density can be obtained from Hall 
measurement. The resistivity is measured by the Van der Pauw method [27, 28]. The 
Hall mobility and carrier density measurement technique is based on the Hall effect 
for conductors.  
 

Van der Pauw Method 

Van der Pauw proved that resistivity measurement for an arbitrarily shaped sample is 
possible if the sample satisfies the following conditions: 1) contacts are at the 
boundary; 2) contacts are small; 3) sample is uniformly doped and uniformly thick; 4) 
the sample is continuous.  

 
Figure 2-7 Arbitrarily-shaped sample with four contacts at the periphery. 
 

According to the Van der Pauw method, for a doped flat semiconductor sample 
with an arbitrary shape, with contacts 1, 2, 3, and 4 along the periphery as shown in 
Figure 2-7, the resistance is R12,34 = V34/I12, where the current I12 enters the sample 
through contact 1 and leaves through the contact 2 and V34 = V3-V4 is the voltage 
difference between contacts 3 and 4. The resistivity of the arbitrary shaped sample is 
given by: 

 

F
RRt

⋅
+

⋅=
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where F is a correction factor which is a function only of the ratio Rr = R12,34/R23,41  
and t is the thickness of the sample. 
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Figure 2-8 (a) A top view of the sample used for Hall measurement; (b) a 3-D view of the ZnO:Al 
layer that is tested in the experiment. 
 

For a symmetrical sample, for example in our measurement, as shown in Figure 
2-8, Rr = 1 and consequently the correction factor is 1. In order to measure the 
resistivity of the sample more accurately, a typical measurement consists of a series of 
measurements using different current values and different current injection directions.  
 

Hall Effect 

If a current flows through a conductor in a magnetic field, the magnetic field exerts a 
transverse force on the moving charge carriers which tends to push them to one side 
of the conductor. A buildup of the charges at the sides of the conductors will balance 
this magnetic influence, producing a measurable voltage between the two sides of the 
conductor. The presence of this measurable transverse voltage is called the Hall effect 
after E.H. Hall who discovered it in 1879. 

The Hall voltage is defined as ·
· ·H
I BV

n q d
= , where n is the free carrier 

concentration, q is the electronic charge, and I is the current.  In this equation, the 
magnetic field B and the layer thickness d are fixed before each measurement, the 
applied voltage and current can be recorded. Thus, the carrier density n can be 
calculated.  

Conventionally, the constant part of the equation is defined as the Hall constant:  
 

nq
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1
= =
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dVH

⋅
⋅ .                                                                     (2.4) 

 
The mobility then can be calculated as: 
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Where ρ is resistivity measured by the Van der Pauw method. 

In our laboratory, we used a Hall Measurement System RH 2030 (PhysTech 
GmbH). The setup incorporates the Van der Pauw and Hall measurement techniques, 
all parameters can be calculated automatically by its application software. 
 

2.2.3 Structural Measurements 

2.2.3.1 Raman Spectroscopy 

All crystalline fraction values were calculated from Raman spectroscopy data. 
Besides the elastic light scattering or Rayleigh scattering, there is also a small part of 
inelastic light scattering called Raman scattering. Raman Spectroscopy is based on 
this inelastic scattering of photons by molecules. In Raman scattering, the energies of 
the incident and scattered photons are different, this leads to a frequency shift. When 
the scattered photon loses energy, we call it Stokes scattering. When the scattered 
photon acquires energy, we call it anti-Stokes scattering. The wavenumber of the 
Stokes and anti-Stokes lines are a direct measure of the vibrational energies of the 
molecule. Therefore, the phase (amorphous or crystalline) of the silicon material is 
known.  

The Raman measurements were performed using the 514.5 nm line of an Ar+ 
laser from Spectra-Physics, a Spex triple-grating monochromator, and a liquid 
nitrogen cooled CCD detector (Roper Scientific). 

A silicon material has 4 modes of Si-Si vibration. They are the transverse 
acoustic (TA) mode, longitudinal acoustic (LA) mode, longitudinal optic (LO) mode 
and transverse optic (TO) mode. The TO mode is a peak at 480 cm-1 for amorphous 
silicon, and at 520 cm-1 for crystalline silicon. The Raman crystalline ratio (Rc) of the 
silicon material is defined as  
 

510 520

480 510 520
c

I IR
I I I

+
=

+ +
                                                               (2.6) 

 
in which the intensity of the peak at 510 cm-1 represents small grains and/or grain 
boundaries [29]. 
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2.2.3.2 X-ray Diffraction  

X-ray diffraction (XRD) is a tool used to determine the crystal orientation and size. In 
our case, this technique was used for probing the crystallinity of ZnO:Al layers. The 
technology is based on diffraction phenomena in the lattice. Diffracted waves from 
different atoms can interfere with each other and the resultant intensity distribution is 
strongly modulated by this interaction. If the atoms are arranged in a periodic 
structure, as in crystals, the diffracted waves will consist of sharp interference maxima 
(peaks). For a given set of lattice planes, the peaks are directly related to the 
inter-plane distance of d. This condition can be simply written as: 2 sind nθ λ= , 
which is known as Bragg's law. In this equation, λ is the wavelength of the X-ray, θ  
is the scattering angle, and n is an integer representing the order of the diffraction 
peak. 

The crystallite size, x, was estimated from XRD by the Scherrer formula: 

θθ
λ
cos)(Δ

=
kx , where k=0.9, λ = 1.54 Å is the wavelength of Cu Kα  X-ray radiation, 

)( θΔ  is the full width at half maximum (FWHM) of the peaks (in units of 2θ ) and 

θ is the angular position of the peaks.  
In our experiment, a PHILIPS PW 1729 X-ray generator was used for all 

measurements. 
 

2.2.3.3 Atomic Force Microscopy 

The surface morphology images and root mean square roughness (rms) of the ZnO:Al 
layers were investigated by an atomic force microscope (AFM). The AFM 
measurements were performed with a Digital Instruments Nanoscope III Multimode 
(Santa Barbara, CA) scanning probe microscope equipped with an E scanner 
(maximum lateral scan size, 10 μm; maximum vertical scan size, 2.5 μm). Silicon 
cantilevers (Digital Instruments) with a length of 126 μm and a resonance frequency 
between 298 and 366 kHz were used. 
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2.2.3.4 Fourier Transform Infrared Spectroscopy 

Fourier transform infrared spectroscopy (FTIR) is used to study the various modes of 
vibration of bonds. We have used this technique to characterize the nc-Si:H i-layers. 
The electron distribution of the bonds in the silicon material can be asymmetric due to 
the difference in the electronegativity between two neighboring atoms. Such 
asymmetric distribution can give rise to an oscillating electric dipole, these oscillating 
dipoles have optical absorption in the infrared wavelength range. The absorption is 
determined by the Lambert-Beer Law: T(ω)/T0(ω)=e-α(ω)d, in which T is the 
transmission of the substrate with the layer, and T0 is the transmission for the 
substrate.  d is the thickness of  the measured layer.  

In our experiment, for hydrogenated silicon films, including nc-Si:H, there are 
four typical vibrational modes. An IR absorption spectrum for hydrogenated silicon 
film has, among others, two important modes of vibration for hydrogen bonds, the 
Si-H rocking/wagging mode at 630/640 cm-1, and the Si-H stretching mode at 
2000/2100 cm-1. A strong absorption peak at 2100 cm-1 often indicates the existence 
of porous structure in the material. However, presence of 850/900 cm-1 bending mode 
will indicate that a part of at the 2100 cm-1 stretching mode comes from the Si-H2 
bonds, rather than Si-H at internal surfaces of voids. The presence of the Si-O 
absorption mode at 1050 cm-1 and 1100 cm-1 will indicate atomic oxygen 
incorporation (either during or post deposition) in the material.  

Infrared (IR) spectra were measured by a Digilab FTS-40 spectrometer equipped 
with a liquid-nitrogen cooled HgCdTe detector. Correction for substrate (crystalline 
silicon wafer) absorption was achieved by subtraction of a measured spectrum from a 
bare part of the used silicon wafer. Contribution to the absorption from ambient H2O 
and CO2 are minimized by intensive purging with dry N2 before and during the 
measurements. 
 

2.3 Solar Cell Characterizations 

The solar cells are characterized by measuring current-voltage (I-V) characteristics in 
the dark and under illumination at AM1.5 100 mW/cm2 conditions, and by external 
collection efficiency (ECE) measurements.  
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2.3.1 J-V Measurement 

The dark and light J-V curves are crucial for solar cell optimization.  
In a thin film silicon solar cell, the dark current is dominated by the interface 
recombination current and the bulk recombination current. The dark current density 
Jdark(V) is determined by: 
 

0( ) *( 1)
qV
nkT

darkJ V J e= −                                                           (2.7) 

 
in which, J0 is the saturation current density and n is the diode quality factor. A typical 
diode quality factor for a thin film silicon solar cell is between 1 and 2, indicative of a 
current that is a mixture of diffusion and drift currents. A typical dark J-V curve for a 
nc-Si:H single junction cell is given in Figure 2-9 in which  three parts are identified. 
Part 1 gives information on parallel resistance (Rp). A higher current density in this 
region means a smaller Rp value. Part 2 indicates the diode quality factor. A steeper 
slope means a smaller n value. Part 3 gives information on series resistance (Rs). A 
higher current density in this region means an improvement of Rs, therefore often 
indicative for a better contact structure. 
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Figure 2-9 An illustration of the three parts in a typical dark J-V curve of a p-i-n solar cell. 
 

Under illumination, the equivalent circuit of a solar cell can be given in a 
simplified form, as shown in Figure 2-10. For an ideal diode, the current density 
under illumination is determined by: 
 

( )

0( ) *( 1)
sq V J R

snkT
ph rec

p

V J RJ V J J e J
R

− ⋅ − ⋅
= − + − + +                  (2.8) 
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in which, Jph is the photocurrent density, proportional to the light intensity (photon 
flux), the second term diode current density, the third term is the shunting current 
density, Jrec is the internal recombination current density.  

The solar cell conversion efficiency is given by  
 

2100 /
mpp sc oc

light

P FF J V
P mW c

η ⋅ ⋅
= =

m
                                                        (2.9) 

 
in which Pmpp is the maximum power point, Plight is the incident light power. 
 

The FF is given by  
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                                                       (2.10) 

 
in which, Jmpp and Vmpp are current density and voltage at the maximum power point 
respectively. 
 

 
Figure 2-10 An illustration of simplified electrical equivalent circuit of a solar cell. 
 

All the parameters in equation (2.10) are illustrated in Figure 2-11.  
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Figure 2-11 J-V curve of a solar cell measured under illumination. Parameters like Voc, Jsc, Pmpp , 
Vmpp and Jmpp are indicated. 
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The dark and light J-V curves of solar cells can be measured either manually 
with a sample stage or automatically by an X-Y table positioning system made in 
house. The AM1.5 light (intensity 100 mW/cm2) is generated by a xenon lamp and a 
halogen lamp in a solar simulator from Wacom (Japan). All J-V measurements were 
done at 25oC. The intensity calibration was done using detectors calibrated at NREL 
(USA). The accuracy of the J-V measurement was confirmed by comparing the 
efficiency of a stabilized a-Si:H cell measured with this setup with that at NREL 
under calibrated standard conditions. The measurement is computer controlled and 
performed actively by a four-probe technique making use of a Keithley 238 source 
measurement unit.  

It is worthwhile to emphasize that the differential resistance, i.e. short circuit 
resistance (Rsc) and open circuit resistance (Roc), are measured from the solar 
simulator by the following definitions: 

1

0

(sc
V

dJR
dV

)−
=

=                                                                                  (2.11) 

1

0

(oc
J

dJR
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−

=

= )                                                                                  (2.12)     

However, in the analysis software used with the solar simulator, these two values are 
given as parallel resistance (Rp) and series resistance (Rs). The meanings of Rp and Rs 
can be found in Figure 2-10, they are slightly different from Rsc and Roc, and the two 
sets of definitions are strongly linked with each other. In the practical measurement, 
the real Rp and Rs can not be acquired directly by the simulator, and the values 
obtained from the two definitions are close. In research, the two types of presentation 
are often cross-used. In this thesis, Rp and Rs are preferred.  

2.3.2 Spectral Response  

The spectral response (SR) measurement determines the response of a solar cell to 
light over the wavelength range of interest. The SR setup is a home-made equipment. 
The cell is illuminated with light (a xenon lamp) beam modulated (by the chopper) 
monochromater, and the photocurrent is measured with a 7225 DSP lock-in amplifier. 
The photodiode is calibrated by the Dutch Measurement Institute (NMI). 

From the measurement data, one can obtain the external collection efficiency 
(ECE) or quantum efficiency (QE), which indicates the efficiency of charge carrier 
extraction of the solar cell. The ECE is defined as ECE = [jph(λ)] / [q φph(λ)], 
in which, jph(λ) is the photogenerated current collected at the electrodes, and φph(λ) is 
the incident number of photons with wavelength λ per unit area per second. With the 
ECE, the Jsc can be calculated (under AM 1.5 conditions) by  
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In a single junction solar cell, the spectral response in short wavelength range  

often reflects the quality of the p-layer, the p/i interface and the region close to this 
interface. In the long wavelength range, the spectral response often gives information 
about the bulk of the i-layer, the n/i interface, and the n-layer. Commonly, in practical 
SR measurements on single junction solar cells, a bias voltage and bias light is used. 
A negative bias voltage can strengthen the internal electric field, and thus reduce the 
charge carrier recombination in the i-layer. Thus, for a solar cell with a highly 
defective i-layer, the ECE can be increased by applying a negative bias voltage. This 
then gives a good indication of the potential (optical) quality of the cell. If the solar 
cell has an i-layer with low defect density, the ECE at different negative bias voltages 
will not vary much. Bias light (AM1.5) is used to obtain accurate ECE values for 
solar cells under normal operation conditions. 

For the SR measurement of a tandem solar cell, different bias lights are used. 
The quality of the tunnel recombination junction can also be checked by SR. For 
example, in the case of a micromorph (a-Si:H/nc-Si:H) tandem cell, the measurement 
is performed three times: in the dark, with blue bias light, and with red bias light. A 
typical ECE spectrum for a micromorph tandem cell with a well behaved tunnel 
recombination junction (TRJ) is given in Figure 2-12.  In the dark, only the response 
from the sub-cell with the lower current of the two will be recorded. This leads to the 
triangular shape of the response curve (depicted by the square symbols). With blue 
bias light, a constant high photocarrier density is generated in the a-Si:H top cell. 
Therefore it passes all current generated in the bottom cell and thus the spectral 
response of the nc-Si:H bottom is measured, represented by the long wavelength 
range response depicted by the hollow circles in Figure 2-12. Similarly, with red bias 
light, the nc-Si:H bottom cell is able to pass current generated in the top cell, and thus 
the spectral response of the top cell is obtained, which is shown by the stars in the 
short wavelength range in Figure 2-12.  
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Figure 2-12 Typical ECE curve for a micromorph silicon tandem solar cell, using blue bias light, 
red bias light, or no bias light (‘dark’). No voltage bias used here. 
 

2.3.3 Cell Degradation in the Light Soaking Setup 

To study the Staebler-Wronski (S-W) effect, solar cell degradation treatments were 
carried out in a light soaking setup, which provides continuous illumination 
conditions with a spectrum that is approximately AM1.5, while the temperature on the 
samples is maintained at 50oC. The cell can be monitored during the light soaking 
process. Normal light soaking experiments last at least 1000 hours, unless the cell is 
already well stabilized in a shorter time.  
 

2.3.4 Fourier Transform Photocurrent Spectroscopy (FTPS) 

Quality (in terms of defect density) of some nc-Si:H i-layers in the solar cell 
configuration  was checked using the FTPS technique. With this technique, the optical 
absorption in the i-layer can be measured for photon energies well below the band gap. 
The absorption coefficient α(E) of the nc-Si:H material over up to nine orders of 
magnitude can be obtained by this technique. [30] 

In our laboratory, the FTPS system consists of a Bruker Vertex 70 FTIR system 
(equipped with light source and a DTGS detector), a SRS Model SR570 low-noise 
current preamplifier, A/D convertor and interface. The software called OPUS is used 
for data acquisition and measurement control. 
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2.4 RF Magnetron Sputter-deposition System, the SALSA 

All the ZnO:Al layers in this thesis, including the texture-etched ZnO:Al and back 
reflector ZnO:Al layers, have been prepared in a planar capacitively coupled RF 
magnetron sputtering system called SALSA (manufacturer Kurt J. Lesker), which 
stands for Sputtering Apparatus for Light Scattering Applications. 
 

2.4.1 Sputter Deposition 

Sputtering is based on a kind of erosion of the target materials by bombardment of 
energetic particles. In this process, the surface atoms are removed by collisions 
between the incoming particles and the atoms in the near surface layers of a target. 

In the SALSA, the target is the cathode, and the substrate onto which the layers 
are deposited is fixed to the anode. The action of the electric field between the 
electrodes is to accelerate the electrons, which then collide with atomic Ar, ionizing 
some of them while generating more electrons. This produces a glow discharge. The 
ions are accelerated by the field, and bombard the target. As a result, surface atoms 
from the target are ejected (sputtered off). The directionality of the sputtered atoms is 
random and some of them land on the substrate, which is on the anode, condense 
there, and form a thin film. 
 

2.4.2 Sputtering Deposition Equipment  

The SALSA is a multi-target sputtering system, with 4 different 7-inch targets 
(see Figure 2-13) which has a couple of advantages. First, the SALSA can prepare 
thin films over a circle area with diameter up to 5 inches. Second, multilayer 
deposition can be achieved in a single run, by changing the substrate position over 
different targets. The targets that are frequently used are Ag, ZnO, ZnO:Al, and ITO 
targets. The pressure and gas flow control during the sputtering is automatic. The 
SALSA can generate RF power from 50 W up to 800 W. A substrate heating system 
in the SALSA can be used to perform sputter deposition at elevated temperatures up 
to 500oC. The calibration measurement data for the glass is given in Appendix. 
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Figure 2-13 A picture of the reaction chamber of the SALSA, 4 targets are placed in this 
chamber. 
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3 Optimization of Texture-etched ZnO:Al 

for nc-Si:H Solar Cells 

Abstract 

Aluminum doped zinc oxide (ZnO:Al) plays an important role as an optically 
transparent conducting oxide (TCO) that enhances light trapping in thin film silicon 
solar cells. An appropriately texture-etched morphology can improve the current in a 
solar cell due to enhanced optical absorption in the intrinsic layers. In this work, 
ZnO:Al layers were deposited on Corning Eagle 2000 glass substrates by  RF 
magnetron sputtering in the deposition system “SALSA” in a series of set substrate 
heater temperature (TH). All samples were texture-etched after deposition using 
various dilutions of HCl dissolved in water and various etching times.  ZnO:Al layers 
deposited without additional heating and those deposited at a TH of 350oC have a 
grain size of around 20 nm and can be etched to a morphology with craters of around 
0.5 micron depth and up to 1 micron in diameter. Nanocrystalline silicon (nc-Si:H) 
single junction solar cells on ZnO:Al TCO that is made without additional heating 
show better initial conversion efficiency (8.3%) in comparison with  cells made on the 
TCO sputter-deposited at 350oC (8.1% efficiency). These home-made ZnO:Al TCOs 
satisfy the criteria for a good front window TCO.  
 

3.1 Introduction 

ZnO is a highly useful metal oxide material for semiconductor and solar cell research. 
The electrical conductivity of ZnO can be controlled by intrinsic defects, i.e. oxygen 
vacancies, and/or zinc interstitials, which act as n-type donors and makes ZnO n-type 
material. ZnO has a wurtzite structure in which zinc atoms can move freely to 
different positions in the crystal lattice and the lattice can accommodate foreign atoms 
as substitutes for Zn. The electrical properties can be improved further by extrinsic 
doping with group III elements such as B, Al, Ga or In. Amongst them, Al-doped zinc 
oxide (ZnO:Al) is becoming widely used as transparent conductive oxide (TCO) in 
solar cells.  

31 



ZnO:Al can reach a low resistivity in the order of 10-4 Ω·cm. It is a wide band 
gap semiconductor with Eg = 3.4 - 3.9 eV [31], which provides the advantage of good 
optical transmittance in the visible and near infrared (NIR) region. Compared to 
fluorinated tin oxide (SnO2:F) and indium tin oxide (ITO), the transmission of 
ZnO:Al appears to be virtually unaffected by hydrogen exposure in a plasma or in 
other types of CVD processes [32-34], which is essential for high quality nc-Si:H 
solar cells deposited by plasma CVD.  

ZnO:Al has a refractive index of around 2.0 in the wavelength region of interest, 
which facilitates the coupling of light (see Chapter 1, Section 1.3.2) incident on the 
front window into thin film silicon solar cells; a-Si:H, nc-Si:H and micromorph 
silicon tandem solar cells. The reflection of the triple layer structure of glass/front 
TCO/a-Si:H is the lowest when the real part of the front contact refractive index (n 
value) is given by: nTCO

2 = nglass·n a-Si:H [35]; with values for nglass = 1.5 and na-Si:H = 
4.0 we obtain nTCO = 2.4. In this respect, the refractive index of ZnO:Al is suboptimal. 
However, once light has entered the cell and is reflected at the back contact, the total 
internal reflection should be as high as possible. As we know from Snell’s law, the 
critical angle of internal reflection is determined by sin θc = n2/n1 (n1>n2), the internal 
reflection increases with the difference in the refractive index between the a-Si:H and 
the front contact layer. Creating a large difference in refractive index between the 
front contact and the a-Si:H results in a small critical angle required for the total 
internal reflection. Consequently a larger fraction of the scattered light reaching the 
front contact after reflection at the back reflector is trapped in the cell. The critical 
angle decreases from 37° to 30° for a change in nTCO from 2.4 to 2.0 [36]. 

ZnO:Al can also be used for enhanced reflection and light trapping at the back 
reflector of a solar cell. When a TCO layer is inserted at the interface between the 
a-Si:H layers and the Ag back contact, it enhances the reflection of light from the 
back side. Without the TCO layer, the near infrared light would be absorbed 
considerably by the silver layer, due to free carrier absorption in the silver, which 
results in energy loss and low short circuit current. On the one hand, a ZnO:Al layer 
can enhance the reflection of the perpendicular specular light, due to constructive 
refractive index matching. On the other hand, ZnO:Al with a suitable refractive index 
can enhance the total reflection at the silicon/ZnO:Al interface by decreasing the 
critical angle. As a consequence, more light is reflected and absorbed by the intrinsic 
layer, generating a higher photocurrent in the solar cell. 

ZnO can be prepared by different techniques, for instance, molecular-beam 
epitaxy (MBE) [37, 38], pulsed-laser deposition (PLD) [39], hydride or halide 
vapor-phase epitaxy (HVPE) [40, 41], metal organic chemical vapor deposition 
(MOCVD) [42], Low pressure CVD (LPCVD) [43], DC magnetron sputtering [44] 
and RF magnetron sputtering [44, 45]. 
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For the ZnO:Al layers deposited by RF magnetron sputtering method, the 
substrate temperature (Ts) affects the growth of ZnO:Al crystallites. In 1999, Kluth et 
al. [44] achieved low ohmic ZnO:Al by RF magnetron sputtering without 
intentionally heating the substrates (Ts < 100oC). They also found out that to obtain 
highly conductive and transparent films by DC-sputtering, a substrate temperature 
above 200oC is necessary. Hong et al. [46] reported that ZnO:Al films prepared by 
mid-frequency (40 kHz) magnetron sputtering at Ts from 100oC to 200oC exhibit a 
columnar structure, having high carrier concentration, high mobility and thus good 
conductivity. Moreover, Kluth et al. [47] found out that the thin film properties of RF 
sputter-deposited ZnO:Al show a weak dependence on film thickness and substrate 
temperature while a strong dependence on process pressure and oxygen addition to 
the process gas was observed. Berginski et al. brought attention to textured ZnO:Al 
prepared at substrate temperatures above 300oC [21]. We have further developed high 
quality texture-etched ZnO:Al TCO substrates for application in nc-Si:H single 
junction cells and micromorph tandem cells.  

In this chapter, we start with studying the influence of the amount of Al2O3 in the 
target and the substrate temperature during the sputtering process on the properties of 
ZnO:Al. In the end, high quality texture-etched ZnO:Al for front TCO, which can be 
used in nc-Si:H and/or micromorph tandem solar cells, is presented.  
 

3.2 Experimental  

All ZnO:Al layers in this work were prepared in the sputtering system SALSA (for 
further information, see Chapter 2). In order to study the dependence of sample 
properties on the Al content, two ceramic targets composed of a mixture of two 
oxides (ZnO and Al2O3) were used. Their Al2O3 concentrations are 1 wt.-% and 2 
wt.-% respectively. For convenience, in this thesis, 1 wt.-% Al and 2 wt.-% Al are 
used to indicate the different targets. The ZnO:Al layers were deposited at 1 μbar and 
a power density of 1.4 W/cm2 on commercial Corning 2000 glass (sized 10 x 10 cm2) 
substrates, in a deposition temperature series at substrate heater set temperatures (TH) 
of 400oC, 350oC, 250oC, 150oC and ‘RT’ (as far as TH is concerned, the unheated 
condition will be noted as  ‘RT’ or room temperature later in this chapter). A substrate 
temperature calibration is given in Appendix. Oxygen (1%) was used in the gas flow 
together with argon. Introducing oxygen into the sputter process leads to an 
improvement of the near infrared transmittance and a small shift of the optical band 
gap to longer wavelengths in the UV regime by decreasing the carrier concentration, 
due to a reduced Burstein-Moss effect [48, 49]. The sheet resistance of the samples 
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was measured with a four point probe setup. The carrier concentration and the Hall 
mobility were obtained from Hall effect measurements. The reflectance and 
transmittance of the layers were measured by an Eta-Optik mini R&T spectrometer. 

Hydrogen chloride (HCl) aqueous solutions of 1 wt.-% and 1.5 wt.-% 
concentrations were used for the etching of the ZnO:Al layers. Each sample (sized 10 
x 10 cm2) was cut into eight pieces, as demonstrated in Figure 3-1. For each piece, 
part of the film was protected by Teflon tape to prevent etching and the etch depth 
was measured with a Dektak step profiler after taking the tape off. The etched 
thickness (δ) was used in this work to calculate the etching rate. 

 
Figure 3-1 Layout of the sample sections for the etching series experiments on a ZnO:Al film 
sample. 

 
Angular resolved scattering (ARS) measurements were performed to obtain the 

light scattering properties of these layers. The surface morphology of these 
texture-etched ZnO:Al layers was studied by atomic force microscopy (AFM).  

In the end, the optimized texture-etched ZnO:Al was used as front TCO in a 
superstrate single junction nc-Si:H solar cell.  
 

3.3 Results and Discussions 

In Figure 3-2, absorption coefficients (α) of two ZnO:Al samples are shown. Both 
samples are around 1 micron thick, and deposited at similar conditions but with 
different targets. The absorption coefficient of the 2 wt-% Al ZnO:Al layers is higher 
in the visible and near IR wavelength region than the one of the 1 wt-% Al ZnO:Al 
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layers. This effect is due to an increase in the free carrier absorption. The absorption 
coefficient of 2 wt.-% Al samples becomes lower than the 1 wt.-% samples only at 
wavelengths smaller than 340 nm. This is caused by a blue-shift of the band gap of 
ZnO:Al with higher carrier concentration (namely for layers deposited with the 2 
wt.-% Al target), due the Burstein-Moss effect [48, 49]. Moreover, we found that for 
deposition on unheated substrates, the mobility of the electrons in layers from a 1 
wt.-% Al target is above 20 cm2/Vs (Figure 3-4), which is sufficient for good 
conduction for application as front TCO layer. 
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Figure 3-2 The absorption coefficients of two samples deposited at nearly same conditions except 
for the use of targets with 1 wt.-% and 2 wt.-% Al target respectively. Higher Al content in the 
target gives higher absorption in the visible light range of 350 ~ 1000 nm. The inset shows the 
same α vs wavelength but in a linear scale. 
 

Therefore, in the following work, 1 wt.-% Al target is used for the fabrication of 
texture-etched front window TCO layer as part of the light trapping structure.  

The results for the texture-etched ZnO:Al of the TH variation series are discussed 
in the following section. 
 

3.3.1 Electrical Properties 

The resistivity of ZnO:Al layers prepared at different TH is shown in Figure 3-3.  The 
first point at 25oC refers to the deposition without substrate heating (when TH is at 
RT). In practice, the real substrate temperature during the sputtering process is higher 
than the TH. The substrate temperature calibrations without plasma are attached in the 
Appendix. However, when the plasma is on, the substrate temperature increases 
considerably, due to heating by bombarding ions from the argon plasma and the 
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sputtered species. Note that the substrate temperature at set heater position of 25oC 
reaches around 100oC during the sputtering process [50]. As is seen from Figure 3-3, 
all ZnO:Al layers made below 250oC have comparably low resistivities.  At TH higher 
than 250oC, the sample resistivity starts to increase dramatically. Such behavior is 
linked to the carrier concentration Ne and the mobility μ, which are given in 
Figure 3-4 as a function of TH. The carrier concentrations (or electron density in this 
case) are rather close to each other and demonstrate a maximum at TH of 150oC. But 
the carrier concentration goes down fast when the TH is higher than 250oC. The Hall 
mobility data show more or less the same trend as the carrier concentration.  
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Figure 3-3 The variation of the sample resistivity of the TH series. The resistivity shows an 
increasing trend with the TH. The solid line is guide to the eye. 
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Figure 3-4 The carrier concentration (a) and mobility (b) of the samples in the TH series. Both 
show a decreasing trend with the TH. The solid line is guide to the eye. 
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In Figure 3-5, the ratio of mobility over carrier concentration (μ/Ne ratio) is 

given. This ratio helps to find the desired material with a high mobility and low 
carrier concentration that fulfills the demand for a low resistivity and high IR 
transmission. The μ/Ne ratio shows a maximumm at 250oC, indicating that the best 
ZnO:Al is prepared at low substrate temperatures.  
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Figure 3-5 The ZnO:Al film μ/Ne ratio dependence on the TH. The solid line is guide to the eye. 
 

3.3.2 Optical Properties of as-sputtered ZnO:Al 

Optical transmission and reflection data of the samples of the TH series are shown in 
Figure 3-6. In the visible region, layers prepared at different TH have similar 
transmittance and reflectance values (around 0.8 and 0.15 respectively). The change 
of TH within the range used in this experiment does not have a significant influence 
on the optical transmittance and reflectance of these samples. Only a small decrease in 
transmittance at small wavelengths for samples made at >250oC is noticed, which 
may be attributed to lowering of band gap due to the reduced carrier concentration 
(Burstein-Moss shift [48, 49]) as seen in Figure 3-4. The lateral shifts of fringe 
patterns of the spectra are mainly due to the inevitable differences in thickness of the 
layers.  
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Figure 3-6 The transmission and reflection spectra of the ZnO:Al samples made at various TH. 
The transmission of all layers in this series is about 0.8, and reflectance is around 0.15. 
 

The absorption coefficients of the samples in this series are given in Figure 3-7. 
The α value at each TH increases rapidly in the visible wavelength range from 500 nm 
to 350 nm, which is attributed to the absorption near the band edges. In fact, the band 
gaps of samples deposited at TH of 150oC or lower show a shift to the shorter 
wavelength. The band gap narrowing has also been observed for ZnO:Al samples 
with higher carrier concentration (as shown in Figure 3-4). We attribute this result to a 
competition [51] of the Burstein-Moss effect [48, 49] and the band gap narrowing 
effect [52]. 
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Figure 3-7 The absorption coefficient (in a logarithmic scale) of ZnO:Al samples deposited at 
different TH. The same data are also given in linear scale in the inset. 

38 



 

3.3.3 Structural Properties 

Similar to typical magnetron-sputtered ZnO:Al films [53], ZnO:Al samples in this 
series have (002) and (004) peaks in X-ray diffraction (XRD) patterns (Figure 3-8), 
and all other peak intensities are at least a factor of one hundred lower than either the 
(002) or (004) peak. Therefore, in this thesis, only the (002) peak of the ZnO:Al XRD 
patterns is studied.  
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Figure 3-8 X-ray diffraction patterns of ZnO:Al samples deposited at different TH. Typical ZnO 
(002) and (004) peaks are found for all samples. The inset gives an enlarged view of the (002) 
peak of different samples. 
 
In Figure 3-9, both the (002) peak position and corresponding full width of half 
maximum (FWHM) are shown as a function of the TH. The ZnO:Al film made 
without substrate heating has a (002) peak position that is at a slightly smaller angle 
than that is expected for a bulk crystalline material (34.42o). The peak position shifts 
to lower values at an increased TH of 150oC. However, above 150oC, the (002) peak 
position shifts monotonically towards higher angles with increasing TH. The shift of 
the peak position towards lower angles than the peak position for bulk materials 
indicates tensile stress. The film made at 150oC shows the maximum tensile stress. At 
higher temperatures the stress decreases again and at 250oC, the material is almost 
stress free (as far as internal stress is concerned). At further increased temperatures, 
the stress becomes compressive. The compressive stress is generally attributed to 
high-energy ion bombardment during the growth [21]. However, as the plasma 
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parameters were kept constant in this series, temperature related growth effects seem 
to be the plausible cause for these changes in the stress behavior. On the other hand, 
variation in ion energies due to change in gas temperature cannot be ruled out [54]. 
The FWHM of the (002) peak decreases with the increase in TH from RT until 250oC, 
and then sharply increases. The grain size in the samples, calculated from the FWHM 
using Scherrer’s formula [55] (Section 2.2.3.2), is given in Figure 3-10. ZnO:Al 
prepared at 250oC reveals the maximum grain size in this temperature series. 
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Figure 3-9 The peak position and FWHM of (002) peak of samples deposited at different TH. The 
bulk peak position value is also given as a reference. The solid and dash lines are guide to the eye. 
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Figure 3-10 The grain size of ZnO:Al samples deposited at different TH. The grain size is 
calculated by the Scherrer formula [55]. The largest grain size is found for sample deposited at a 
TH of 250oC. The solid line is guide to the eye. 
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3.3.4 Etching Properties 

The ZnO:Al layers were etched in HCl solutions of 1 wt.-% and 1.5 wt.-% 
concentration. Their etching rates for different layers are given in Figure 3-11. For 
both concentrations, the layers prepared at room temperature were etched faster than 
the other samples.  In general, the etching rate shows a minimum at 150oC, it 
increases again with further increase in TH. 
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Figure 3-11 The etching rates of the samples in the TH  series. Left: samples etched by 1% HCl; 
Right: samples etched by 1.5% HCl.  The etching rate generally increases with etching time and 
TH, except for the sample deposited at TH of RT. 
 

We speculate that these etching rate characteristics are due to two possible 
effects. A higher substrate temperature can enable larger crystal sizes and increased 
crystalline volume fractions. This means that samples deposited at a TH of room 
temperature, having higher amorphous fraction or a more porous structure are easily 
etched. That explains the fast etching rate of ZnO:Al made at room temperature. For 
layers deposited at higher substrate temperatures, we know from the shift of the (002) 
peak position that the material goes from tensile to compressive stress, as shown in 
Figure 3-12. The etching rate may be correlated to the internal stress; the sample 
made at 150oC with highest tensile stress shows the lowest etching rate. 
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Figure 3-12 Schematic figure of the intrinsic stress in the samples deposited at different TH. The 
actual bending of the sample will depend on total stress that includes the external stress 
(mismatch in coefficient of thermal expansion between the film and the substrate). 
 
 

 
 
Figure 3-13 Zoomed-in AFM 3D images of ZnO:Al (sputter-deposited at TH of RT) etched in 1 
wt.-% HCl in the etching time series. In the first 10 seconds, the layer surface was only mildly 
etched. After 10s many sharp V-shaped pits were formed and the pit depth increased with 
increasing etching period.  
 

The etched ZnO:Al samples which were sputtered at set room temperature were 
chosen for AFM measurement to study their surface morphology. The 3D AFM 
images of the 1% HCl dilution series are shown in Figure 3-13. In the first 10 seconds, 
ZnO:Al surface was etched in a very smooth manner and many shallow U-shaped 
craters were created. As the etching time became longer, sharp V-shaped pits 
appeared. Corresponding rms roughness values are given in Figure 3-14, from which 
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the nature of the etching process can be speculated. Empirically, due to the exposure 
to air, the exposed ZnO:Al surface can be oxidized; during the first 10 second of 
etching, the etching rate is lower. Once the etchant can easily permeate into the 
porous bulk layer, many deep pits with small diameters are created. And when the 
walls of the craters are etched away, the rms value becomes smaller. In the end, the 
etchant again goes deeper resulting in big V-shaped pits. 
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Figure 3-14 The rms roughness of the etching time series of ZnO:Al samples (sputtered at TH of 
RT) etched in 1 wt.-% and 1.5 wt.-% HCl solution. The solid and dash lines are guide to the eye. 
 

In Figure 3-15, the 3D morphologies of ZnO:Al layers etched by the 1.5 wt.-% 
HCl solution are given as a function of etching time. At variance with the case of 1 
wt.-% HCl, in the first 20 seconds, deep V-shaped pits with small diameters appear 
immediately. Thereafter, smooth shallow U-shaped craters dominate the morphology. 
Electrical measurements confirmed that these U-shaped craters nearly touch the glass 
substrate, as the sheet resistance increases by almost a factor of 30. The rms 
roughness values, shown in Figure 3-14, help to understand the etching process. Due 
to the higher concentration of etchant, the small deep V-shaped pits appear along with 
the smooth U-shaped craters, as shown in Figure 3-15 (a) and (b). Then the walls of 
the pits are etched away, the rms values become smaller, and U-shaped craters start to 
appear, as shown in Figure 3-15 (c). When the etching front almost touches the glass 
substrate, U-shaped craters are formed, as shown in Figure 3-15 (d), but by now the 
layer virtually loses its electrical conductivity. 
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Figure 3-15 Zoomed-in AFM 3D images of ZnO:Al samples (sputter-deposited at TH of RT) 
etched in 1.5 wt.-% HCl in the etching time series. In the first 20 seconds, the layer surface is 
etched vertically, many sharp V-shaped pits are formed and deepened. When the pit wall is also 
etched away, U-shaped craters appear in the end.  
 

3.3.5 Texture Properties  

The scattering profiles of the temperature series ZnO:Al samples at various etching 
times were obtained from angular resolved scattering (ARS) measurements. The data 
points were obtained in the following way. Integration between 30o to 60o was 
performed for each sample. The 4 integrated values for the different etching times 
were averaged to have one value for samples sputter-deposited at each TH. Such ARS 
points are shown in Figure 3-16 for samples with increasing TH. The scattering 
profiles over all measured angles for corresponding as-prepared ZnO:Al layers are 
around four orders of magnitude lower than the etched samples in the measured range, 
therefore these are not shown in Figure 3-16. From a statistics point of view, the 
samples deposited at TH of room temperature, 350oC and 400oC give relatively more 
scattering. This is mainly attributed to the etched surface texture.  
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Figure 3-16 The integrated intensity of angular resolved scattering of all five samples of the TH 
series. The highest scattering is found for the sample sputter-deposited at TH of 350oC. 
 

The haze values for the layers of this temperature series are plotted in 
Figure 3-17, in which the haze value is defined as H=Tdif(λ=1000nm)/Ttot(λ=1000nm). In all 
etching time series, for both etchant concentrations, low haze values are found for 
samples prepared at TH of 150oC and 250oC. 
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Figure 3-17 The haze values at the wavelength of 1000 nm for samples deposited at different TH. 
The left graph is for ZnO:Al layers etched by 1 wt.-% HCl and the right graph is for the samples 
etched by 1.5 wt.-% HCl. 
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The sheet resistance of the samples of this series was measured and shown in 
Figure 3-18. Samples etched with 1 wt.-% HCl show half the resistance of those 
etched by 1.5% HCl. At 150oC and 250oC, samples with low sheet resistance are 
found to have low haze values. This result is consistent with the scattering data shown 
in Figure 3-16. Interestingly, low etching rate and low sheet resistance are found both 
at 150oC and 250oC. We speculate that etching of the layers with the type of structure 
obtained at 150oC and 250oC is not favorable for texture-etched morphology. ZnO:Al 
layers made at higher temperature have a more favorable texture after etching.  
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Figure 3-18 Sheet resistance of ZnO:Al samples deposited at different TH. The left graph shows 
the results for layers etched by 1 wt.-% HCl, the right one shows the results for layers etched by 
1.5 wt.-% HCl. 
 

3.3.6 Optimized Texture-etched ZnO:Al Front TCO 

The ZnO:Al layer made at  TH of 350oC exhibits  the best scattering property 
(Figure 3-16) and haze value at 1000 nm (Figure 3-17) of all the samples. Its low 
carrier concentration (Figure 3-4) can reduce the free carrier absorption at long 
wavelengths. The ZnO:Al layer made at room temperature has good scattering 
properties, with an adequate haze value. High mobility and low absorption coefficient 
are essential for a front window TCO, subject to the condition that the layer has an 
acceptable (low) resistivity, which is better satisfied for the RT made sample than for 
the one made at 350oC. Moreover, deposition of samples at room temperature is 
always favored over deposition at high temperature. However, which of these samples 
is better suited for solar cells has to be tested in devices. Thus, in the end, the ZnO:Al 
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samples at the TH settings of room temperature and 350oC were chosen as window 
TCO for solar cells. They were etched in 1.5 wt.-% HCl for 10 seconds while gently 
moving the coated substrate. The mild vibration can provide the etching surface with 
fresh etchant, so that the etching can be more efficient. Their corresponding high 
resolution AFM 3D images of surface texture are given in Figure 3-19. In both cases, 
V-shaped craters are formed. They are on average about 0.5 μm deep with a diameter 
up to 1 μm. The difference between them is that the room temperature sample has 
many irregular crater diameters, as can be seen from the original AFM images shown 
in Figure 3-20 and Figure 3-21. 

(a) RT , 1.5%, 10s (b) 350 oC, 1.5%, 10s 

5 micron 5 micron 
 

Figure 3-19 High magnification AFM images of chosen ZnO:Al samples deposited at room 
temperature and 350oC. Both samples were etched in 1.5 wt.-% HCl for 10 seconds with a mild 
movement. V-shape craters with depth of 1 μm and diameter between 0.5 and 1 μm are formed. 
 

2.0µm
 

 
Figure 3-20 AFM image and 3D surface morphology of the ZnO:Al sample prepared at set room 
temperature. Many irregular craters are seen. The sample was etched in 1.5 wt.-% HCl for 10 
seconds. 
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2.0µm
 

 
Figure 3-21 AFM image, 3D surface morphology of the ZnO:Al sample prepared at a set 
temperature of 350oC. Craters with diameter between 0.5 and 1 μm are seen. The sample was 
etched in 1.5%HCl for 10 seconds. 
 

3.3.7 Solar Cells 

Single junction nc-Si:H solar cells were later deposited on these two texture-etched 
ZnO:Al TCO on glass substrates. The J-V curves of the solar cells on these TCOs and 
a reference cell on Asahi SnO2:F TCO with a 10nm ZnO:Al protection layer are 
shown in Figure 3-22, and relevant characteristics are given in Table 3-1. The best 
initial efficiency of 8.3% was obtained on texture-etched ZnO:Al made with the 
heater at RT, while a similar cell on commercial Asahi U type substrate has an 
efficiency of 7.24%. 
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Figure 3-22 The J-V curves of the single junction nc-Si:H solar cells on home-made ZnO:Al 
substrates made with heater settings at room temperature and 350oC and on a reference 
commercial Asahi SnO2:F TCO substrate, coated with 10 nm ZnO:Al 
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All three solar cells have comparable fill factors, but cells on both the 
home-made ZnO:Al TCOs have higher Voc and Jsc than the cell on Asahi U-type TCO. 
The improvement of the current is mainly due to the better surface morphology of the 
home-made texture-etched ZnO:Al TCOs, that are more appropriate for a nc-Si:H cell.  
 
Table 3-1 The characteristics of single junction nc-Si:H solar cells deposited on the test and 
reference TCO substrates 

TCO 
Efficiency 
(%) 

Jsc 
(mA/cm2) 

Voc (V) FF 

ZnO:Al (RT)  8.325 24.27 0.5051 0.6791 
ZnO:Al (350oC) 8.093 23.46 0.502 0.6872 
Asahi 
SnO2:F/ZnO:Al(10nm) 

7.239 22.19 0.4797 0.6799 

 

3.4 Summary 

ZnO:Al layers were prepared in a substrate  heater temperature (TH) series. The 
resistivity increases above a TH of 250oC. The resistivity of ZnO:Al layers deposited 
with set temperatures of room temperature, 150oC and 250oC, remains at a low value 
below 10-3 Ωcm. Their μ/Ne ratios show high values around 8 x 10-20 cm-5/Vs, which 
is a good value for materials with a high mobility (> 20 cm2/Vs) and low carrier 
concentration (< 2x1020 cm-3). Optically, samples prepared at all temperatures reveal 
similar reflectance (around 15%) and transmittance (around 80%) for light in the 
visible and NIR regime. Although the absorption coefficient (at small wavelengths) 
increases for samples made at higher substrate temperature, the difference is small. 

Etching with a mild vibration of the sample can make sure that fresh etchant is 
available at the etching interface. Our samples with the best scattering between 30o 
and 60o were the ones etched in 1.5 wt.-% HCl solution for 10 seconds. Besides the 
etching technique, the structure of the material plays an important role in the 
fabrication of good quality texture-etched ZnO:Al front TCO, because when exposed 
to etchant, the structure should lead to the formation of favored texture-etched 
features (U-shaped craters with a depth of around 1 μm and diameter between 0.5 to 1 
μm) for light scattering at the front window TCO. In our case, such samples were 
deposited at TH of room temperature and 350oC.  

Single junction nc-Si:H solar cells were deposited on these two home-made 
ZnO:Al TCO substrates. The cells yielded initial efficiencies of 8.1% and 8.3% for 
cells on TCOs made at 350oC and room temperature, respectively. The cell results 
prove that the home-made texture-etched ZnO:Al is sufficiently good for front 

49 



window TCO. AFM graphs confirm that the U-shaped craters with 1 micron depth 
and 0.5 to 1 micron diameter morphology contribute to light scattering inside the cell 
and thus cause current enhancement in nc-Si:H solar cells. Our experiments revealed 
that the best electrical and optical properties of the texture-etched ZnO:Al TCO occur 
at different conditions and a compromise has to be made to obtain the optimal result. 
In our case the best compromise is the sample made at TH of room temperature.   
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4 Highly Stabilized Bottom Cell Current 

Limited Micromorph Tandem Cells on Glass 

Abstract 

Micromorph silicon (a-Si:H/nc-Si:H) tandem solar cells on Asahi U-type substrates 
have been fabricated by very high frequency plasma enhanced chemical vapor 
deposition (VHF PECVD) in a high vacuum multichamber system called ASTER. 
The nanocrystalline silicon (nc-Si) intrinsic layer (i-layer) was deposited using a 
shower head cathode at high pressure, at a deposition rate of about 0.45 nm/s. The 
best nc-Si i-layer was made at the transition phase from amorphous to crystalline. To 
fully exploit the benefit of the high stability of the nc-Si single junction cell, 
micromorph tandem cells with a bottom cell limited structure were made. These 
tandem cells delivered an average initial efficiency of 10.2%. To study the 
independent influence of light illumination and heating, annealing treatments were 
carried out on the nc-Si:H single junction cells and tandem cells. It was found that 
light soaking does not increase recombination in the nc-Si:H i-layer, and that an 
annealing treatment can improve the contact resistance of the doped layers to the 
contact layers. The bottom cell current limited tandem cell shows an average 
stabilized efficiency of 9.5% after 1600 h light soaking. 
 

4.1 Introduction 

Micromorph silicon thin film tandem solar cells, composed of an a-Si:H top cell and 
nc-Si:H bottom cell, have advantages over single junction solar cells. Single junction 
nc-Si:H cells demonstrate higher optical absorption in the red and infrared region of 
the solar spectrum, while a-Si:H single junction cells are mainly sensitive to light in 
the short wavelength range (< 650 nm). In addition, nc-Si:H cells show better stability 
against light soaking (than a-Si:H cells) [11, 12, 56, 57], and they are fully stable 
when exposed to red light only [58]. Thus, micromorph silicon tandem solar cells are 
promising for silicon thin film solar cell development.  

The aim of the current research is to use VHF PECVD process to fabricate 
devices by the above mentioned concept. In 1987, IMT introduced the concept of 
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VHF discharges for the deposition of thin silicon films [59]. At higher plasma 
frequencies, silane dissociation is enhanced (due to better RF power dissipation into 
the plasma bulk), and the kinetic ion energy can be reduced to below the threshold 
energy for defect formation [60]. Due to softer ion bombardment on the growing 
surface, the VHF process has an added advantage over the standard RF PECVD for 
the formation of nc-Si:H of device quality. Up to present, several PECVD methods 
have been applied for the deposition of high quality nc-Si:H layers, such as standard 
PECVD at 13.56 MHz [61, 62], VHF PECVD (20 MHz to 100 MHz) [11], 
microwave CVD [63], and electron-cyclotron resonance (ECR) CVD at GHz 
frequencies [64]. However, solar cells deposited by VHF-PECVD so far give the best 
performance both in p-i-n [12, 13] as well as n-i-p cells [65]. Besides, it is important 
to use high pressure at high discharge power conditions for RF PECVD [61] and VHF 
PECVD [66], because the ion energy is reduced by multiple collisions in the plasma 
sheath.  

Stability is an important issue for thin film silicon solar cells. It will be shown in 
this chapter that nc-Si:H cells have less light-induced degradation compared to a-Si:H 
cells, and they even show improvement after light soaking treatment. In fact, this 
treatment can have two effects on devices, namely light induced effects and heat 
induced effects. In order to understand the changes of the performance by light 
soaking and to be able to distinguish the influences from these two effects, an 
annealing experiment was done of nc-Si:H single junction cells.  

 

4.2 Experimental 

Nanocrystalline silicon single junction solar cells in a superstrate configuration were 
deposited on 10 cm x 2 cm texture-etched ZnO:Al-coated glass substrate provided by 
IEF-5  Jülich. The transmission and sheet resistance of these substrates is unaffected 
by the applied H2/SiH4 plasma used for nc-Si:H deposition and provide efficient light 
trapping in combination with ZnO:Al/Ag back-reflector. The nc-Si:H i-layers with a 
thickness around 1.5 μm have been deposited in the chamber with a showerhead (refer 
to Chapter 2), under high pressure  conditions (5 mbar). The VHF PECVD process is 
conducted under a VHF discharge power of 25 W at an RF frequency of 60 MHz with 
an inter-electrode distance of 6 mm, and at a calibrated substrate temperature of 
180oC. By keeping the hydrogen dilution dH (dH = H2 flow/SiH4 flow) at 28, i-layers 
with optimum optoelectrical properties were made at the transition region from the 
amorphous phase to the crystalline phase.  
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The micromorph silicon tandem cells were deposited on 10 cm x 2 cm size Asahi 
U-type SnO2:F coated glass substrates (Asahi substrate will be denoted simply by 
Asahi glass throughout this chapter). A schematic structure of the micromorph silicon 
tandem cell is given in Figure 4-1. The deposition was done in the following 
sequence: (i) top a-Si:H p-i-n cell, (ii) an extra n-layer, which is part of the tunnel 
recombination junction (TRJ), and then (iii) the bottom nc-Si:H p-i-n cell. For the top 
cell, an a-Si:H i-layer of 250 nm was deposited by VHF PECVD under an applied 
VHF discharge power of 4.5 W at an RF frequency of 50 MHz, with a dH of 1,  and at 
a pressure of 0.16 mbar. The inter-electrode distance was kept at 27 mm. The nc-Si:H 
i-layer of 1.5 μm in the bottom cell was deposited as described above. 
 

 Asahi U type glass 

Asahi U-type SnO2:F 
Amorphous p-layer 

Amorphous i-layer

Amorphous n-layer 

Nanocrystalline n-layer 

Nanocrystalline p-layer 

Nanocrystalline i-layer 

Amorphous n-layer 

ZnO:Al layer 

Ag/Al back contact 

 Asahi U type 
SnO2:F 

coated glass Ag front 
contact 

Double n-layer 
structure 

 
Figure 4-1 A schematic structure of our micromorph silicon tandem solar cells.  A double n-layer 
structure is used to build an efficient tunnel recombination junction (TRJ) for the current 
matching between the top and bottom cells. 
 

For all single junction and micromorph cells, the last deposited n-layers were all 
chosen to be amorphous, to prevent post-deposition oxidation of the i-layers and to 
reduce peripheral current collection. A ZnO:Al layer of around 100 nm was 
sputter-deposited, followed by deposition of a Ag reflector at the back of each cell to 
serve together as an enhanced back reflector, which improves reflection and light 
trapping. The cell area was determined by the size of the back contacts of evaporated 
metal silver and aluminum layers evaporated through a mask with multiple 0.4 x 
0.4 cm2 openings. There are usually 30 such cells on a 10 cm x 10 cm strip (either 
texture etched ZnO:Al coated glass or Asahi glass).  

The annealing treatment was carried out in an oven in a nitrogen ambient at 
160oC for 1 hour. Solar cell degradation tests were carried out in a light soaking setup, 
which provides approximate AM1.5 illumination conditions while the temperature of 
the samples was maintained at 50oC. 
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To investigate the effect of light soaking and annealing on nc-Si:H cells, light 
soaking and annealing treatment were done to the mentioned two different strips of 
nc-Si:H cell. Light soaking time in this investigation was 170 h. 

All solar cells were tested by J-V measurements under simulated AM1.5 light 
from a Wacom dual beam solar simulator with an intensity of 100 mW/cm2, and in the 
dark at 25oC.  
 

4.3 Results and Discussion 

4.3.1 Effects of Light Soaking and Annealing 

The two nc-Si:H cells were made in different RF electrode system, but the results 
concerning the individual effect from light soaking or annealing are equivalent. Cells 
in the two series have similar FF, implying similar material qualities. The J-V 
parameters before and after light soaking experiments are given in Figure 4-2. The 
data for five best cells (out of the 30 cells on the strip) are given to show the spread. 
Figure 4-3 shows the J-V parameters of the five best cells measured before and after 
annealing. 
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Figure 4-2 Light J-V parameters of a nc-Si:H single junction cell before and after light soaking 
under AM 1.5 for 170 h. 
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Figure 4-3 Light J-V parameters of nc-Si:H single junction cells before and after annealing 
treatment in N2 at 160oC for 1 h. 

 
It is found in Figure 4-2 that after light soaking, the open circuit voltage (Voc) 

increases on average by about 1%. The short circuit current density (Jsc) stays nearly 
constant for all cells, and so is the Rs values. The Rp values do not decrease with light 
soaking. The improvement in solar cell performance mainly originates from the 
increased Voc and FF.  

In Figure 4-3, the Voc stays roughly the same after the annealing of the as 
deposited cell. On the other hand, the Jsc values in all five cells show an increase. 
Meanwhile, Rs values clearly decrease by an averaged 14.3% over the five cells. The 
cell performance was mainly improved by the reduced Rs. It is clear from these 
figures that the solar cell efficiency and FF are improved by the annealing treatment, 
respectively by 3% and 1.4%. 

In both cases, we see the correlation between Jsc and Rs. As can be deduced from 
Figure 2-10, Rs is an internal resistance within the diode (the silicon layer), it is 
complexly determined by material resistivity, layer doping, barriers and the defects at 
the interfaces. However, a complete solar cell includes the metal contacts, and the 
resistance caused by the connection between the silicon layer and the contacts should 
be counted in the Rs term. During an annealing treatment, the barrier layer between 
the ZnO:Al and the metal can be annihilated, the resistance between the silicon layer 
and the metal contact will be reduced, so that charge carriers can move more easily. 
The contribution of contact improvement to the Rs reduction and the current is far 
more than the change inside the diode. In another words, the current could be 
enhanced by a better contact, which give less series resistance to the solar cell. And 
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the improvement of contact could be attributed to the heating effect in both light 
soaking and annealing treatment. To further confirm this, dark J-V curves of the 
nc-Si:H cells for both light soaking and annealing were plotted and analyzed. Figure 
4-4 shows the dark J-V curves of cell number 3 (the third cell in the light soaking 
series in Figure 4-2) before and after light soaking. The perfect overlaps of parts 1 and 
3 of the curve indicate that the light soaking process has no significant effect on Rp or 
on the resistance of the cell contacts. In part 2 of the curve (also see the inset), the 
curve shifted to higher voltage after light soaking. We presume that the shift is 
because light illumination maybe reduced the defect density, and therefore resulted in 
a lower reverse saturation current J0 and diode quality factor n, giving rise to a 
displacement in the slope in part 2. This is correlated with the improved Voc after light 
soaking. 
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Figure 4-4 Dark J-V curve of the nc-Si:H single junction cell (cell number 3 of Figure 4-2) before 
and after light soaking under AM 1.5 for 170 h. 

 
The dark J-V curves of cell number 4 (the fourth cell in the annealing series in 

Figure 4-3) before and after the annealing treatment of the as deposited cell are 
illustrated in Figure 4-5. In part 1, the curve moves upward after annealing treatment; 
this correlates to the reduced Rp upon annealing. The perfect overlap of part 2 means 
that the diode quality and J0 do not change much. This partly explains that the Voc 
stays roughly the same. The high forward bias region of the curve (part 3) after 
annealing (also see the inset) demonstrates a clear improvement of the device contacts. 
All dark J-V data are consistent with the J-V parameters under illumination. 
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Figure 4-5 Dark J-V curves of a nc-Si:H single junction cell, before and after annealing 
treatment in N2 at 160oC for 1 h 

 
Based on these data, we infer that during light soaking, exposure to light for long 

time has no effect on Rs. We presume that there is a decrease in the defect density in 
the i-layer of nc-Si:H single junction cells, and this gives rise to higher Voc values. 
Annealing, on the contrary, does not influence the quality of the diode, but high 
temperature (also during the light soaking) does improve the contact, resulting in a 
smaller Rs and enhanced current. In addition, Raman spectroscopy indicates no 
significant crystallinity change before and after the annealing experiment. Thus, we 
propose that the thermal effect during annealing can improve the contacts that leads to 
a low Rs and high Jsc in a nc-Si:H single junction cell. 
 

4.3.2 Highly Stable Micromorph Tandem Solar Cells on Glass 

By using the nc-Si:H single junction cells in the previous section, bottom cell 
limited micromorph tandem cells were made and studied.  
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Figure 4-6 Characteristics of a micromorph cell before and after annealing (bottom cell limited) 

 
The J-V parameters of the bottom cell limited tandem cells before and after 

annealing of the as deposited cell are given in Figure 4-6. It is seen that in spite of the 
Voc drop and ambiguous Rp trend after annealing, the cell efficiency and FF relatively 
increase by 4% and 0.5%, respectively. Rs is reduced after annealing. The J-V curves 
of cell number 4 in the dark and under AM1.5 illumination are plotted in Figure 4-7. 
In part 2 of the dark J-V curve (in the inset), again perfect overlap is seen, indicating 
that annealing does not change the quality of the diodes. The improvement in tandem 
cell performance can be explained partly by annealing-induced improvement of the 
contacts in the tandem cell.  
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Figure 4-7 Light and dark (inset) J-V curves of a micromorph cell (cell number 4 of Figure 4-6) 
before and after annealing 
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Figure 4-8 J-V curves of a micromorph silicon tandem solar cell on Asahi U-type substrate. FF 
degrades only 8.7% after this light soaking treatment 
 

A bottom cell limited micromorph tandem cell on Asahi glass with an initial 
efficiency of 10.2% (FF = 0.69, Voc = 1.34 V, Jsc = 10.8 mA/cm2) was light soaked. 
Figure 4-8 shows the light J-V characteristics of this tandem cell in the initial state 
and the light soaked state (after 1600 h of light soaking). The Voc remains unchanged 
after light soaking, whereas Jsc increased from 10.8 mA/cm2 to 11.3 mA/cm2, 
indicating that the Jsc of the microcrystalline bottom cell is improved after the light 
soaking treatment. The degradation of the tandem cell efficiency is mainly due to the 
drop in the FF.   
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Figure 4-9 Normalized FF as a function of light soaking time for the micromorph silicon tandem 
solar cell on Asahi U-type substrate. 
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The time dependent FF curve obtained in-situ during light soaking is plotted on a 
normalized scale in Figure 4-9. The FF dropped sharply in the first 300 hours and 
thereafter stayed almost constant, which can be attributed to the saturation in light 
induced defect formation. The efficiency and FF of the micromorph tandem solar cell 
on Asahi glass relatively degraded by only 6.9% and 8.7%, respectively, after light 
soaking for 1600 hours. The external collection efficiency (ECE) was also measured 
under 0 V and different light bias conditions before and after light soaking, shown in 
Figure 4-10. The ECE data prove that the tunnel recombination junction (TRJ) works 
well and there is no leakage of the current in any of the cells, as seen by the near 
perfect character of the spectral response curve without bias light [67]. Moreover, the 
ECE curves before and after light soaking nearly overlap of the bottom cell, indicating 
no significant light-induced degradation of it, whereas the ECE curves show top cell 
degradation. Although the decrease in FF in the first 300 hours needs to be explained 
by further experiments, these data tend to sufficiently confirm that our micromorph 
silicon tandem solar cells are highly stable. 
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Figure 4-10 ECE curves under dark, blue and red light bias before and after 1600 hours light 
soaking. Solid curve (-), filled squares (■) and filled triangle (▼) represent data measured under 
no light bias, blue bias and red bias, respectively, before light soaking. Dash curves (--), open 
squares (□) and open triangle (∆) represent data measured under corresponding light biases after 
light soaking. No voltage was applied to all measurements. 

4.4 Summary and Conclusions 

From the experiments investigating the effects from light soaking and annealing on 
nc-Si:H, we know that the light-induced effect during light soaking does not increase 
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the recombination rate in the nc-Si:H i-layer, because the current does not reduced. 
The efficiency is improved by a better FF. The thermal effect during the annealing 
can improve the contacts in solar cells, the current as well as the FF and the efficiency 
can be improved.  

In general, an intended annealing treatment can enhance the tandem cell 
performance by improving contact with less resistance. For our bottom cell current 
limited micromorph tandem cells, light soaking leads to degradation of the cell 
parameters, especially the FF. In this process, although the FF could be improved by 
the heating effect during light soaking, the light-induced degradation still dominates. 

By utilizing VHF-PECVD technique for thin film silicon deposition, 
micromorph tandem solar cells on Asahi U-type glass, made in the bottom cell current 
limited structure, showed an initial efficiency of 10.2% (FF = 0.69, Voc = 1.34 V, Jsc = 
10.8 mA/cm2). FF decreased by only 8.7% after 1000 h of light soaking and the cell 
parameters remained constant thereafter. After 1600 h of light soaking, the 
micromorph tandem cell is stabilized at efficiency of 9.5% (FF = 0.63, Voc = 1.34 V, 
Jsc = 11.3 mA/cm2). The cell is thus proved to be very stable.  
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5 The Influence of Pressure and Inter-electrode 

Distance on nc-Si:H Deposition by VHF PECVD 

Abstract 

Pressure (p) and inter-electrode distance (d) are important parameters in the process of 
depositing hydrogenated nanocrystalline silicon (nc-Si:H) by very high frequency 
plasma enhanced chemical vapor deposition (VHF PECVD). Their effects on a 
radio-frequency (RF) plasma are described by Paschen’s law in the low pressure 
regime (< 1 mbar). High quality nc-Si:H materials are normally deposited at high 
pressure (1 mbar < p < 7 mbar). In order to optimize nc-Si:H for solar cells, Paschen’s 
law is investigated for a silane-hydrogen discharge at high pressure conditions. All 
intrinsic nc-Si:H layers were deposited at fixed hydrogen dilution ratio (H2/SiH4) and 
at fixed power and frequency. Using optical emission spectroscopy (OES) in 
combination with direct images taken with a photo camera and by 1D SiH4/H2 plasma 
simulation, three different series were analyzed to study the effect of p and d at high 
pressure. Their effect on the crystalline ratio and on the porosity of the deposited 
silicon layers was also investigated. While keeping the p·d product constant, the 
plasma sheath relatively becomes thinner (measured in number of mean free path) 
when d increases. When p or d increases independently, the electron density decreases. 
All the above modifications can increase the deposition rate, however by different 
mechanisms. When nc-Si:H is deposited at a p·d product of 30 mbar·mm, compact 
material with high crystalline ratio is obtained. These layers have been tested as 
i-layers in solar cells.  
 

5.1 Introduction 

Hydrogenated nanocrystalline silicon (nc-Si:H) has two main advantages as an 
intrinsic absorber layer (i-layer) in silicon based thin film solar cells: (1) high stability 
against light-induced degradation, (2) more absorption of red and near infraread (NIR) 
light up to  a wavelength of ~1100 nm. Because of these properties, nc-Si:H is used as 
the i-layer material of the bottom cell in  micromorph silicon (a-Si:H/nc-Si:H) tandem 
thin film solar cells, to achieve high device efficiency and stability. A nc-Si:H 
material with good optical and electrical properties is generally deposited at the 
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transition regime from amorphous to crystalline [68, 69] or near the edge of this 
transition regime [70]. Good nc-Si:H can be prepared by different CVD methods, 
such as Hot wire CVD [71, 72] and ECR CVD (at GHz frequency) [64]. Since the 
successful pioneering work [11] of IMT on the fabrication of a nc-Si:H solar cell 
made by VHF PECVD, high efficiency solar cells have been made using intrinsic 
nc-Si:H made by the PECVD method, both at standard RF (at 13.56MHz) [73, 74], 
and VHF (from 20 MHz up to 100 MHz) [75, 12, 13] frequencies. In fact, single 
junction nc-Si:H solar cells made by VHF PECVD have reached a stablized efficiency 
close to 10%. 

At high frequencies, silane dissociation is enhanced, and the ion energy can be  
reduced to below the threshold energy for defect formation. Hence, fewer defects will 
be introduced in the instrinsic silicon matrix. [60], Due to softer ion bombardment on 
the growing surface, the VHF process has an added advantage over the standard RF 
PECVD for the formation of device quality nc-Si:H. However, at high discharge 
power conditions, which is  necessary to obtain a high deposition rate, it is important 
to use high pressures to decrease the ion energy [76], as  the ion energy is reduced by 
multiple collisions in the plasma sheath [77]. 

Commonly, single junction nc-Si:H solar cells with high conversion efficiency 
are deposited by the PECVD method  and the best results have been obtained with 
VHF PECVD, [78-80]. In such a plasma deposition process, the pressure (p) and 
electrode distance (d) play important roles. Their influence has been studied 
individually for both a-Si:H and nc-Si:H. For instance, effects of pressure [81-83] and 
inter-electrode distance on the plasma and material properties [84, 85] have been 
reported. However, research on the combined effects of p and d is rare. The effects of 
p and d for DC discharge (breakdown voltage) are described by Paschen’s law [86]. 
In order to deposit better nc-Si:H for solar cells, the combined effects of p and d for a 
SiH4/H2 plasma were studied at high pressure (1 mbar < p < 7 mbar) regime. 
 

In this chapter, nc-Si:H i-layers were deposited in three series; Series 1: the p·d 
product constant series, Series 2: the inter-electrode distance series, in which the 
pressure was kept constant at 5 mbar, Series 3: the pressure series, in which the 
inter-electrode distance was kept constant at 10 mm. The effects of pressure and 
inter-electrode distance on plasma reaction were investigated by OES, V-I probe, 
photo camera, and 1D plasma simulation. The correlations between the p·d product, 
the plasma behavior and corresponding material properties are discussed. In the end, 
results of some single junction nc-Si:H solar cells and micromorph silicon tandem 
solar cells are presented. We found that some of the materials deposited in this series 
show great potential as i-layers for nc-Si:H solar cells. 
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5.2 Experimental 

Intrinsic nc-Si:H layers have been deposited by VHF PECVD in the ultra high 
vacuum multichamber deposition system ASTER. Silane (SiH4) and hydrogen (H2) 
were used as the gas precursors for the nc-Si:H i-layer depositions. The hydrogen 
dilution ([H2]/[SiH4]) in this experiment was kept constant at 27.6 (H2 flow at 82.7 
sccm, and SiH4 flow at 3 sccm). The inter-electrode distance (d) as shown in 
Figure 5-1, was varied from 6 to 12 mm. All nc-Si:H i-layers were deposited at a VHF 
discharge power of 20 W and a frequency of 60 MHz. Commercial Corning Eagle 
2000 glass is used as substrates. To prevent peeling of the rather thick nc-Si:H layer 
(~1 μm) from the substrate, the glass and wafer substrates were pre-etched by dipping 
in 1% hydrofluoric (HF) acid solution for 1 minute before deposition. 
 

 
Figure 5-1 Demonstration of the inter-electrode distance d in the schematic of our VHF PECVD 
system. 
 

The films for the p·d product constant series (Series 1) have been deposited at 
distances of 6 mm, 8 mm, 10 mm and 12 mm (with concomitant change of pressure to 
keep the p·d product at 30 mbar·mm). The films for inter-electrode distance series 
(Series 2) have been deposited by varying d at a constant pressure of 5 mbar. The 
films for the pressure series (Series 3) have been deposited by changing the pressure 
at a constant inter-electrode distance of 10 mm. 

In-situ OES spectra of the SiH4-H2 plasma were collected by a detector, which 
was placed at a viewport of the plasma reactor. Total intensities of the plasma 
(including the bulk and the sheaths) were recorded. The electrical characteristics of 
the plasma were recorded simultaneously by a voltage-current impedance (V-I) probe.  
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In the p·d constant series, a photo camera with a wide collection angle is used to 
record the optical emissions. In this way, the camera can to a large extent reduce the 
error in collection of d dependent emissions. The camera was focused at infinity, so 
that the pictures taken are total emission images, rather than emission from a 
restricted area in the plasma. How the data are exactly extracted is described in 
Chapter 2. 

The layer thickness was measured by a Dektak step profiler. The crystalline ratio 
(Rc) of the films was determined by the Raman scattering method, using the 
evaluation procedure as described in Chapter 2. All infrared (IR) spectra were 
measured by a FTIR setup, also described in Chapter 2.  

The single junction nc-Si:H solar cells were deposited on home-made ZnO:Al 
coated substrates (described in Chapter 3) with an intrinsic layer thickness of 2.2 μm. 
Micromorph silicon tandem cells were deposited on Asahi U-type SnO2:F coated 
glass. The top cells of the tandem structure had 250 nm thick i-layers that were 
deposited using our standard amorphous cell recipe (see Chapter 4). In all solar cells, 
ZnO:Al was used to enhanced light trapping as part of the back-reflector.  
 

5.3 Results and Discussions 

In this section, the plasma simulations have been performed by a 1D SiH4/H2 
plasma model [87]. This simulation includes two parts: first, it contains a fluid model 
balancing for all particles (electrons, ions and neutrals), and balancing for the electron 
energy and the Poisson equation; second, the simulation uses a Boltzmann equation in 
the two term approximation to describe the electron energy distribution function for 
the available electrons. 

5.3.1 Plasma Behavior When p·d Product Is Constant (Series 1) 

The deposition rates of all three series are given together in Figure 5-2. The values do 
not exceed the ideal deposition rate, which is ~ 7.6 nm/s, and calculated by assuming 
half of the silicon in the silane feedstock is used for sample film growth. The p·d 
product is kept constant in this Series 1 to maintain comparable plasma conditions. 
The total emission images (d-normalized) taken by the photo camera and their 
integrated intensities are shown together in Figure 5-3. In these images, the anode to 
which the substrate is attached is placed at the left side of the plasma image; in the 
emission spectra, the electrode gap has been normalized to the inter-electrode distance, 
and the plasma volume was corrected accordingly. The total emission profiles are 
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similar at different d values, and so are the corresponding integrated total intensities. 
They prove that the plasma conditions are comparable when the d value varies. The 
plasma images show that the pre-sheath near the substrate becomes relatively thinner 
when d increases.
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Figure 5-2 Deposition rates for all three series. Solid circles (●), hollow circles (○) and squares (■) 
denote p·d constant (30 mbar·mm) series, distance series (p at 5 mbar) and pressure series (d at 
10 mm) respectively.
 
 

Figure 5-3 The four emission images (taken by photo camera) from the top to bottom are for 
inter-electrode distances d of 6 mm, 8 mm, 10 mm, and 12 mm, respectively. The x-axis is given 
as normalised inter-electrode distance. The substrate was placed on the grounded electrode (left 
side, marked by G). The spectra were extracted from the emission images, and the corresponding 
integrated intensities for this series are given above the spectra.
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Figure 5-4 The simulated (a) Si* and (b) H  emissions of the plasma for two regimes in Series 1. 
Both show shifts in the peak positions towards the electrodes with increasing inter-electrode 
distance. The curves have been corrected for the volume.

α

 
The deposition rate increases with an increase in d value. In Figure 5-4, the 

simulated emission (normalized with respect to d) shows an (effective) spatial 
distribution, namely a shift of the Si* emission peak positions towards the electrodes 
with increasing electrode distance. This d-normalized graph delivers equivalent 
information of mean free path (mfp) dependent (real) spatial distribution, proved by: 

1 1
mfp

gasN p
λ

σ σ
= ∝

⋅ ⋅
 

where λmfp is the mfp length, Ngas is the gas density, σ is the collision cross section. 
When the p·d product is constant: 
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λ
∝ ⋅

This shift can explain the increase of deposition rate. At a small d, due to a large 
effective distance (measured in number of mean free path) between the densest region 
of silicon species (peak of emission intensity) and the substrate, the radicals have to 
diffuse over several times the mean free path length to reach the substrate for 
deposition. The travel time is long. At a large d, although the real gap is large, the 
radical mfp is relatively longer, the radicals move even faster to the substrate. The 
travel time ultimately determines the deposition rate. On the other hand, the 
contribution to the increase in deposition rate at large d due to the hydrogen 
abstraction reaction in the gas phase can not be ruled out [76]. The emission of Hα, 
simulated by the 1D SiH4/H2 model, is given in Figure 5-4 (b). The spatial distribution 
observed is similar to that of Si* emission.  

A V-I probe was also used as an in-situ plasma diagnostic tool, for measuring the 
actual delivered power to the plasma discharge. The phase of the RF voltage and 
current reveals whether the plasma is more capacitive or resistive. From the recorded 
V-I probe data, it was confirmed that in this inter-electrode distance series, all 
depositions have the same delivered power 20 W. It is found contrary to the Paschen’s 
law that in spite of a fixed power density, gas flow and frequency, the plasma showed 
variations when the p·d product was kept constant. Phase angles between voltage and 
current for all depositions are higher than 70o, i.e., all depositions are predominately 
capacitive. These angles shift to slightly lower values when d becomes larger, 
indicating that the plasma shifts toward a slightly more resistive regime. 
 

5.3.2 Influence of Inter-electrode Distance (Series 2) and 

Pressure (Series 3) on Plasma

Series 2 and 3 with variable p·d product show many similarities in plasma 
characteristics, and therefore they are discussed together. The data from the OES 
spectra are all normalized to an integration time of one millisecond for the 
convenience of analysis. Their Si* and Hα emissions are given in Figure 5-5. In both 
series, the Si* and Hα emission decreases with either increasing d or p value. The 
photo camera images of the plasmas, the (effective) spatial variation of their emission, 
and the spatial integrated total emission for both series are given in Figure 5-6.  
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Figure 5-5 The intensity of Si* and H  emissions from OES measurements of (a) Series 2 and (b) 
Series 3.

α

 

  
Figure 5-6 (a) The emission images of plasma taken by photo camera. From the top to bottom are 
for inter-electrode distances d of 6 mm, 8 mm, 10 mm, and 12 mm, respectively. (b) The emission 
images from the top to bottom are for pressure p of 1 mbar, 3 mbar, 5 mbar, and 7 mbar, 
respectively. The total emission intensities were extracted from the emission images, and the 
corresponding integrated intensities for each series are given respectively in the two series. The 
substrate was placed on the grounded electrode (left side, marked by G). 
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Figure 5-7 The H /H  ratios of Series 2 and Series 3 measured by OES.β α
 

In both series, the Hβ/Hα ratio from OES (see Figure 5-7) increases with either 
larger d or p values, indicating higher electron temperature in the plasma in this 
process. However, a prediction with a 0D (zero dimensional) model [88] would 
actually yield a lower electron temperature. The reason for this discrepancy is not 
completely understood. One reason could be the fact that the ionization shifts toward 
the wall, as is predicted by simulation and shown in Figure 5-8 for the emission of 
both Si* and Hα. Such a shift is accompanied by an increase in the intensity of the 
peaks in the pre-sheath. As a result, the measured intensity ratio Hβ/Hα, shown in 
Figure 5-7 increases, while the total emission (Figure 5-6) decreases. 
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Figure 5-8 The simulated emission of the plasma for two regimes in Series 2 and Series 3. (a) Si* 
and (b) H  emission of Series 2, (c) Si* and (d) H  emission of Series 3. Shifts in the peak 
positions towards the electrodes with either increasing d or p are shown. The curves have been 
corrected for the volume. 

α α

 

The deposition rates of both series (given in Figure 5-2) are enhanced by a high d 
or p value. The trend is opposite to the Si* emissions (Figure 5-5), and the total 
emission observed by photo camera (Figure 5-6). When either p or d value increases, 
the plasma discharge can be sustained more easily as the loss of charges becomes less, 
as it is more difficult for ions to reach the wall via diffusion. A larger part of the 
power is lost in non-ionizing inelastic collisions. At a constant applied power 
(confirmed by V-I probe), this effect, together with the increased number of collisions 
leads to a decrease in electron density, which is predicted also by the 0D plasma 
model. Therefore, a lower emission and deposition rate should be expected. The 
experimental results indeed indicate a decreasing trend for the Si* emission intensity. 
We attribute the nevertheless increased deposition rate to a secondary process of 
radical formation, namely the hydrogen abstraction reaction: SiH4 + H ⇒  SiH3 + H2. 
When p or d becomes large, the chance of collision between atomic hydrogen and 
silane molecules becomes larger, which is favorable for the abstraction reaction. 
However, another explanation might be that since many of the dissociation processes 
have a lower energy threshold than the ionization, they are less sensitive to changes in 
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the electron temperature while the additional amount of the silane present in the 
discharge still leads to a higher deposition rate. Again, the effect of the hydrogen 
abstraction reaction is inevitable in this case. 
 

5.3.3 Material Properties 

The Raman spectra of the corresponding layers deposited in the three series are given 
in Figure 5-9. The thickness of the samples is around 1 μm. The Raman crystalline 
ratio is defined as (I510+I520)/(I480+I510+I520), in which the intensity peak at 480 cm-1 
represents amorphous type, and peaks at 510 cm-1 and 520 cm-1 represent crystalline 
type  Si-Si transverse optic modes of vibration.  

440 460 480 500 520 540

0.2
0.4
0.6
0.8
1.0

Series 3

N
or

m
al

iz
ed

 in
te

ns
ity

Raman shifts (cm-1)

 p 1 mbar
 p 3 mbar
 p 5 mbar
 p 7 mbar

0.4

0.6

0.8

1.0

Series 2

N
or

m
al

iz
ed

 in
te

ns
ity

 d 6 mm
 d 8 mm
 d 10 mm
 d 12 mm

0.4

0.6

0.8

1.0

Series 1

N
or

m
al

iz
ed

 in
te

ns
ity  d 6 mm

 d 8 mm
 d 10 mm
 d 12 mm

 
Figure 5-9 Raman spectra of the samples (~1 μm) from all three series. From top to bottom are 
spectra for Series 1, 2, and 3 respectively. 

 
In Series 1, typical crystalline peaks at 520 cm-1 are observed for all samples. 

The Raman crystalline ratio (Rc) reveals a very slightly increasing trend with larger d 
values in this series. All samples show high Rc values around 70%. No peak at 
480 cm-1 is seen. In Series 2, clear crystalline peaks are found around 520 cm-1 for 
nc-Si:H layers deposited at 6 mm, 8 mm and 10 mm, and the amorphous peak around 
480 cm-1 starts to be visible at larger inter-electrode distance. The sample deposited at 
12 mm turns out to be completely amorphous, noted by a strong peak at 480 cm-1 and 
the absence of a crystalline peak at 520 cm-1. In Series 3, the crystalline peaks are still 
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visible for samples deposited at 1 and 3 mbar, but the peak gets weaker with 
increasing process pressure. The samples from higher deposition pressures of 5 and 7 
mbar are completely amorphous. 

Amorphous samples are obtained when p or d has a large value. These samples 
usually have higher deposition rates due to the contribution of the hydrogen 
abstraction reaction. As a consequence, the hydrogen dilution in the reaction sheath 
locally becomes relatively small, in other words, the flux ratio of atomic hydrogen to 
silicon species at the growing surface becomes smaller than the critical value for 
crystalline growth [89] and amorphous silicon films are deposited. 

Infrared (IR) spectra were obtained from FTIR measurements. After the 
depositions, these thin film silicon layers were immediately transported from the 
vacuum chamber to the FTIR setup, which was already cooled down by liquid N2 and 
ready for measurement. In this way, the chance of oxidation from oxygen in the air 
could be reduced considerably. The IR spectra of as-deposited samples in Series 1 are 
shown in Figure 5-10. The Si-H absorption modes at 630/640 cm-1 (rocking mode), 
850/900 cm-1 (bending mode), 2000/2100 cm-1 (stretching mode) are identified. No 
(or very little) Si-O absorption modes at 1000/1100 cm-1 are observed, which means 
that no or very little oxygen was incorporated in the as-deposited nc-Si:H i-layers 
during the deposition process. The spectra also indicate that for these nc-Si:H layers, 
the Si-H stretching mode is dominated by the absorption at 2000 cm-1, whereas  the 
absorption at 2100 cm-1 (that indicates open grain boundaries) is very small. This type 
of stretching mode signifies a compact nc-Si:H material with well passivated grain 
boundaries [90, 91]. 
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Figure 5-10 Infrared spectra of as-deposited nc-Si:H samples in the p·d-constant series. In the 
stretching mode, the absorption at 2000 cm-1 dominates. It is an indication of a compact nc-Si:H 
material with well passivated grain boundaries  
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The FTIR spectra of series 2 are given in Figure 5-11. The stretching modes at 
2000/2100 cm-1 of this series show clear variations with the inter-electrode distance. 
The stretching modes of the three nc-Si:H samples deposited at 6 mm, 8 mm and 
10 mm change from 2000 cm-1 peak dominated to 2100 cm-1 peak dominated with 
increasing inter electrode distance. The variation indicates nc-Si:H becomes porous 
when it is deposited at a larger inter-electrode distance. The stretching peak at 2000 
cm-1 dominates again for the sample deposited at 12 mm, because it is amorphous. 
Additionally, the 1100 cm-1 peak is observed for samples deposited at 10 mm and 
12 mm, indicative of the presence of oxygen incorporation in the material. 
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Figure 5-11 Infrared spectra of as-deposited nc-Si:H samples in series 2.  
 

The FTIR spectra of Series 3 are given in Figure 5-12. All samples show a 
stretching mode absorption that is dominated by the 2000 cm-1 peak. However, the 
two samples deposited at low pressure conditions are compact silicon films with 
considerable crystalline fraction, and the two samples deposited at high pressures 
become already amorphous. 
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Figure 5-12 Infrared spectra of as-deposited nc-Si:H samples of  series 3. 
 

The IR spectra of all samples were measured again at a later time, to compare the 
changes in the Si-O absorption mode at 1000/1100 cm-1. The time dependent IR 
spectra, remeasured at intervals of approximately 24 hours, of the nc-Si:H layer 
deposited at d of 10 mm in Series 1 is shown in Figure 5-13 as an example. 
Apparently, little change is found at 1000/1100 cm-1. In another words, no (or very 
little) post-oxidation oxygen diffusion was observed. Also in Figure 5-13, the 
presence of the small bending mode absorption peak at 850/900 cm-1 indicates that a 
part of contribution to the little absorption (shoulder) at 2100 cm-1 originates from 
Si-H2 that leaves very little contribution from Si-H in voids in which oxidation would 
easily take place. This explains why there is no (or very little) time dependent 
post-oxidation in these layers. Such a compact material with no (or very little) time 
dependent Si-O modes is expected to be stable over time [92].   
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Figure 5-13 Time dependent infrared spectra of the nc-Si:H layer deposited at d of 10 mm 
(pressure of 3 mbar). The changes in the Si-O absorption mode at 1000/1100 cm-1 are very small. 
No (or very little) post-deposition oxygen diffusion was observed. Time interval between the 
successive measurements is about 24 hrs 
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Figure 5-14 Dependence of Raman crystalline ratio on the p·d product. 
 

If we regard the p·d product as one variable, and consider both Raman and FTIR 
spectra together, a graph with three areas is obtained for our samples, as shown in 
Figure 5-14. In Area I (with a p·d product < 30 mbar·mm), silicon layers are compact 
with high Raman crystalline ratio. In Area II (with a p·d product between 30 and 50 
mbar·mm), silicon layers are either porous with high crystalline fraction or simply 
amorphous. In Area III (with a p·d product > 50 mbar·mm), all layers are amorphous. 
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Obviously, in our experiment, compact silicon layers with the preferred crystalline 
ratio are deposited near a p·d product of 30 mbar·mm.  
 

5.3.4 Solar Cells with i-layers Deposited by the p·d Product 

Constant Series (Series 1) 

The intrinsic nc-Si:H layers of the p·d-product constant series (Series 1) were used in 
small area (0.16 cm2) single junction nc-Si solar cells and micromorph silicon tandem 
solar cells.  
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Figure 5-15 The J-V curve of nc-Si:H single junction solar cells (0.16 cm2) with i-layers deposited 
as in the p·d-product constant series.  
 
Table 5-1 The electrical characteristics of nc-Si:H single junction solar cells (0.16 cm2) with 
i-layers (2.2 μm) deposited as in the p·d-product constant series (Series 1). 
d  (mm) Eff.(%) Jsc(mA/cm2) Voc (V) FF 
6 8.33 24.27 0.505 0.68 
8 7.06 21.97 0.526 0.61 
10 6.94 22.58 0.539 0.57 
12 7.89 22.50 0.527 0.67 

 
The J-V curves of the single junction solar cells with intrinsic nc-Si:H layers in 

the p·d-constant series are shown in Figure 5-15. The corresponding cell 
characteristics are given in Table 5-1. The cell with the i-layer deposited at 6 mm 
gives the best short circuit current and FF, but the lowest Voc.  
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The defect density of these nc-Si:H layers in solar cells was estimated by Fourier 
Transform Photocurrent Spectroscopy (FTPS) measurements. The absorption 
coefficient (α) around 1.1 eV is due to optical transitions between extended states at 
the band edges. The absorption in the range around 0.8 eV and lower energies is due 
to optical transitions between localized defect states and extended states. Therefore, 
the sub-bandgap absorption coefficient at 0.8 eV is considered to be indicative for the 
mid-gap defect density in the nc-Si:H i-layer material [93]. The absorption coefficient 
spectra obtained from FTPS are relative values for the optical obsorption of the 
nc-Si:H intrinsic layer. The spectra of the absorption coefficient of this series are 
given in Figure 5-16. All absorption spectra are normalized at 1.4 eV [94]. The defect 
densities of the 2.2 μm thick i-layers from the p·d-constant series (in nc-Si:H single 
junction solar cells), estimated from sub-band gap absorption coefficient at 0.8 eV, 
are in the order of 1015 cm-3. In the figure the FTPS curve of our state of the art cell 
with 10% efficiency is given as a reference. The defect densities of these i-layers of 
series 1 are slightly higher than that of the reference cell, however this can be 
explained by the higher thickness of the layers in Series 1, because crystallinity 
develops with thickness. Comparison of the FTPS curve of the reference cell with the 
FTPS of the cell made at the same condition (d = 6 mm) but with a thicker i-layer 
(2200 nm instead of 1200 nm) clearly supports this claim. This shows that high 
quality nc-Si:H can be deposited at a long inter-electrode distance (with d up to d of 
12 mm). Even though the deposition rate increases from 0.45 nm/s to 0.62 nm/s, there 
is no significant variation of the quality of the nc-Si:H layers in this p·d-product 
constant series, having similar low defect density in these samples. 
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Figure 5-16 Spectra of sub-bandgap absorption measured with FTPS on nc-Si:H single junction 
solar cells with i-layers deposited as in the p·d-product constant series. 
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Therefore, in this series the effect of the i-layer defect density on the cell 
performance is expected to be nearly the same. The differences in the cells’ 
characteristics are speculated to be due to reasons other than defects in the i-layers. 
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Figure 5-17 The J-V curves of micromorph silicon tandem solar cells  (0.16 cm2) with  bottom cell 
i-layers deposited as in the p·d-product constant series (series 1).  
 
Table 5-2 The electrical characteristics of micromorph silicon tandem solar cells (0.16 cm2)  with  
bottom cell i-layers deposited as in the p·d-product constant series (series 1). 
d (mm) Eff.(%) Jsc(mA/cm2) Voc (V) FF 
6 11.87 13.82 1.276 0.67 
8 10.42 12.5 1.274 0.65 
10 10.93 12.93 1.32 0.64 
12 11.52 13.13 1.302 0.67 

 
These nc-Si:H intrinsic layers were also applied in micromorph tandem cells. 

The J-V curves and cell characteristics are displayed in Figure 5-17 and given in 
Table 5-2, respectively. The results of the single junction and tandem cells prove that 
the i-layers deposited with a p·d product of 30 mm·mbar are very suitable for solar 
cells.  
 

5.4 Summary 

Paschen’s law for plasma discharges was revisited by studying silane-hydrogen 
plasmas in 3 series at pressures up to 7 mbar. Within our experimental range, when 
the p·d product is constant, an increase of d leads to a relatively thinner sheath, due to 
which the deposition rate increases. When the p·d product is not kept constant, an 
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increase of either p or d leads to a lower electron density and a higher electron 
temperature. The deposition rate is also enhanced by the presence of the hydrogen 
abstraction reaction. The crystalline ratio and the porosity of nc-Si:H varies with the 
p·d product. Compact nc-Si:H with high crystalline ratio is found at a p·d product of 
30 mbar·mm.

Single junction nc-Si:H solar cells were deposited with the same i-layers as in 
the p·d product constant series. Initial efficiencies of 8.3% and 7.9% were measured 
for nc-Si:H cells with i-layers deposited at 6 mm and 12 mm, respectively. 
Sub-bandgap absorption measured by FTPS on these cells show that the defect 
densities of these layers are comparable to each other and remain in the 1015 cm-3 
range. Micromorph silicon tandem cells with the above mentioned nc-Si:H cells as 
bottom cells show initial efficiencies of 11.9% and 11.5% for nc-Si:H i-layers 
deposited at 6 mm and 12 mm respectively. 
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6 Solar Cells/Modules on Flexible Substrate 

Abstract  

Hydrogenated amorphous silicon (a-Si:H), hydrogenated nanocrystalline silicon 
(nc-Si:H) and micromorph silicon (a-Si:H/nc-Si:H) thin film solar cells/modules were 
fabricated on flexible plastic substrates by depositing silicon layers on temporary 
TCO-coated aluminum foils and later transfering to a permanent polymer foil. Firstly, 
depositions of top cells on aluminum foils were optimized in parallel by both VHF 
and standard PECVD methods. The nc-Si:H bottom cell quality is considerably 
dependent on the surface onto which it is deposited. Cells deposited on perfectly flat 
Corning glass and aluminum foil (coated with textured TCO) can give rise to big 
difference in device performance. Therefore, the optimization of the bottom cells was 
conducted on aluminum/TCO foils with pre-deposited amorphous silicon top cells. 
These bottom cells were optimized by varying the inter-electrode distance and the 
process pressure. A 2.5 cm2 aperture area cell with an initial efficiency of 8.12% (Voc 
= 1.274 V, Jsc = 10.04 mA/cm2, FF = 0.635) , and a 25 cm2 aperture area encapsulated 
module with an initial efficiency of 8.05% (Voc = 1.327 V, Jsc = 10.39 mA/cm2, FF = 
0.583) were obtained.  
 

6.1 Introduction 

6.1.1 Background 

The “micromorph” concept for thin film silicon tandem solar cells was first developed 
at IMT Neuchâtel [14]. It is now one of the most popular types of thin film silicon 
device. Such micromorph silicon cells are composed of an a-Si:H top cell and a 
nc-Si:H bottom cell. Due to the lower band gap (~1.1 eV) of nc-Si:H, single junction 
cells based on this material demonstrate higher optical absorption in the red and 
infrared region of the solar spectrum, while a-Si:H cells are mainly sensitive to light 
in the shorter wavelength range (< 650 nm). In addition, nc-Si:H cells show good 
stability against light-induced degradation [11, 12, 56, 57], also called the 
Staebler-Wronski effect [5].  
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In recent years, thin film silicon solar cells on plastic substrates have attracted 
much attention because they are flexible and light in weight. From the viewpoint of 
mass production, the advantage of flexible cells is that they can be deposited in a 
so-called roll-to-roll process, thereby reducing the cost of module production 
considerably. Generally speaking, thin film silicon solar cells on flexible substrates, 
for example polyethylene napthalate (PEN) or polyethylene terpthalate (PET) (both 
are unstable at temperatures > 100oC) can be fabricated in two ways, the direct 
method and the indirect method. The former means that the silicon layers are 
deposited directly on these heat-sensitive substrates. Low deposition temperatures 
<140oC are required in this approach. A few groups (for instance IMT Neuchâtel and 
Utrecht University) are developing the direct way. The alternative method is to make 
use of a lift-off concept, for instance, the Helianthos concept.  In this concept, silicon 
layers are deposited on a temporary substrate; aluminum foil, and then the silicon 
layers are transferred to a permanent flexible substrate, i.e. polyester in our case. By 
this method, silicon layers can be deposited at optimized high temperatures (higher 
than the melting point of polyester) on an opaque aluminum foil (suitable for 
temperature up to 500oC). From numerous materials studies we know that the best 
electronic quality a-Si:H and nc-Si:H layers are deposited around 200oC, because  
optimum thermodynamic conditions are obtained for silicon growth at this 
temperature [6, 95]. Therefore, the use of heat-resistant temporary substrates can 
result in materials with good electrical properties. Furthermore, this novel method 
combines the advantages of (1) flexible device technology, i.e. low cost roll-to-roll 
process and (2) the mature processing technology for the state-of-art thin film p-i-n 
silicon solar cell on glass. Moreover, the Helianthos process will deliver PV products 
with convenient transportation and easy installation, in a roll-to-roll production, and is 
therefore favorable for the current and future PV market. 

Similar work on flexible substrates has been done by many other research groups 
worldwide. Fuji Electric Corporation used a roll-to-roll process, in which 
a-Si:H/amorphous silicon germanium (a-SiGe:H) tandem cells were deposited on a 
substrate (n-i-p configuration). They have reported a 9 % stable efficiency for a 0.32 
m2 cell [96]. United Solar Ovonic Corporation has reported a triple junction solar 
cell/module on stainless foil with an initial efficiency of 15.4% [97]. The silicon 
layers were deposited at a temperature of >250oC on stainless foils. They have also 
reported solar cells on polyimide sheets, which were attached to the temporary carrier 
stainless steel foil during deposition. The stainless steel foil was later removed [98]. 
Similar cell processing at low temperatures, i.e. <200oC, has also been carried out in 
some other industries or groups. In collaboration with AIST, Nippon Synthetic 
introduced a special acrylic monomer, which served as textured plastic substrate for 
directly deposited p-i-n or superstrate type a-Si:H solar cell [99]. ZnO:Ga was used as 
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front TCO. They reported a remarkable improvement in the short circuit current 
density (Jsc) due to the effective light trapping characteristics of the textured plastic 
substrate. Therefore, an initial efficiency of 8.0% was achieved. Söderström et al., at 
IMT Neuchâtel, reported an initial efficiency of 8.8% with an i-layer thickness of 270 
nm for n-i-p type a-Si:H single junction solar cell on a PEN substrate, obtained by 
introducing an n-type amorphous silicon carbide  (a-SiC:H) buffer layer at the n/i 
interface [100]. The thin film solar cell on a cheap PET substrate at Utrecht 
University has thus far yielded an efficiency of 5.9% [101].  
 

6.1.2 Device Fabrication Process 

In this thesis, all flexible devices were fabricated following the Helianthos concept. 
The device fabrication steps include silicon layer depositions (in our laboratory) on 
SnO2:F coated aluminum foil (provided by Nuon-Helianthos), and cell transfer and 
finalization of device processing at Nuon-Helianthos. 

The flexible devices mentioned in this work were completed by the following 
seven steps. The schematic demonstration of the steps is given in Figure 6-1: 

a) Temporary substrate: The SnO2:F TCO was deposited by atmospheric 
pressure chemical vapor deposition (APCVD) on commercial aluminum foil 
by a roll-to-roll process. ZnO could be coated on top of SnO2:F layer if 
required. After a cleaning step, the foil was cut into pieces of 10 x 10 cm2. 
They were clamped to a frame, and shipped to UU for silicon layer depositions. 
This work was carried out at Nuon-Helianthos. 

b) Silicon layer depositions: p, i, and n layers of a-Si:H cells (meant for top cell 
in tandem structure) were deposited by either VHF PECVD in the ASTER or 
standard RF PECVD in the PASTA (refer to Chapter 2). For micromorph 
silicon tandem cells, p, i, and n layers of nc-Si:H bottom cells were deposited 
only by VHF PECVD in the ASTER. After deposition, the foils were sent 
back to Nuon-Helianthos to finalize the devices. 

c) Interconnections: The layers on foil were series interconnected monolithically 
by laser scribing. This is a very sensitive step in the fabrication process, 
because high Rs could take place and FF could be badly affected.  

d) Back-reflector deposition: ZnO:Al/Al back-reflectors were implemented by 
sputtering. 

e) Lamination: The interconnected silicon layers were transferred and laminated 
to flexible substrates.  
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f) Etching: The temporary aluminum substrates were removed by wet etching in 
a roll-to-roll process. At this point, the device is operational. IV measurement 
can be also done at this stage. 

g) Encapsulation: The devices can be encapsulated if required. The encapsulation 
is able to protect the materials from oxidation. Meanwhile, metal contacts 
were embedded after module encapsulation. 

 
Figure 6-1 Schematic demonstration of fabrication process of the device on flexible substrate 
following the Helianthos concept 
 

6.1.3 Type of Devices Covered in This Work 

Two types of flexible a-Si:H single junction cells were made. They are depicted in 
Figure 6-2: 

a) Cells-on-foil (COF, a number of individual solar cells): Each cell has an 
aperture area of about 1 cm2. Due to inevitable area loss (the dead area) in the 
laser scribing process, the active cell area is 0.912 cm2. These cells were not 
encapsulated. 

b) Modules: Each module has an aperture area of 60 cm2, and consists of eight 
7.5 cm2 series interconnected sub-cells. The module results in this chapter are 
reported based on aperture areas. These modules were not encapsulated.  

c) Cell-and-module (a batch with 2 COFs aside and a module): All micromorph 
tandems on foil were made this way. One batch of foils was fabricated with a 
module in the center, and one COF on each side. The module has an aperture 
area of 25 cm2, and consists of five 5 cm2 sub-cells. Each COF has an aperture 
area of 2.5 cm2. Four metal contacts are embedded on the aluminum bars. 
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(a) (b) 

(c) 

5cm 
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Left side cell Right side cell 

Module 

Figure 6-2 Examples of flexible Helianthos devices: (a) A photo of a cells-on-foil (COF), (b) A 
photo of a module and (c) An illustration of a cell-and-module (see also the thesis cover for its 
photo) 
 
In this chapter, the following issues will be covered and discussed:  

(1) VHF PECVD a-Si:H single junction solar cells/modules on foil. 
(2) Standard RF PECVD a-Si:H single junction solar cells/modules on foil. 
(3) VHF PECVD nc-Si:H single junction solar cell on foil. 
(4) Micromorph silicon tandem cell-and-module. 

 

6.2 Experimental 

6.2.1 Depositions for Solar Cells on Glass Substrates 

Solar cells on glass substrates were deposited to optimize the cell structure before 
starting fabrication of the cells/modules on foil. These a-Si:H single junction thin film 
solar cells were made in superstrate configuration, or p-i-n structure. The commercial 
Asahi U type substrate (SnO2:F coated glass, cut into 10 x 2 cm2) was deposited with 
p-type a-SiC:H/intrinsic a-Si:H/n-type a-Si:H layers in sequence. ZnO:Al 
back-reflector was sputter-deposited in SALSA. The solar cells were finalized by 
evaporating Ag/Al back contacts, which determine the cell area of 4 x 4 mm2. A 
schematic structure (a) and picture (b) of this solar cell is shown in Figure 6-3. There 
are 30 such cells on one strip of substrate. The details of all setups concerned with 
deposition process can be found in Chapter 2. 
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Figure 6-3: (a) A schematic structure of a single junction a-Si:H solar cell, (b) A photo of a  strip 
with 30 single junction a-Si:H solar cell cells.  
 

6.2.2 Depositions for Solar Cells/Modules on Foil 

All silicon layers on foil were deposited by either VHF PECVD or standard PECVD. 
The only difference for deposition on foil from deposition on glass is that a special 
foil substrate holder is used. 

An aluminum substrate holder was used, so that the holder and Al foil have same 
thermal expansion (aluminum, 22.2·10-6 K-1). With this substrate holder, the four 
edges of the aluminum foil are all tightly fixed. This is technically the best way to 
minimize deformation due to different thermal expansion during plasma process.  

The structures of the devices on foil are the same as the corresponding devices 
on glass, except for the substrate. 
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6.2.3 Device Characterizations 

J-V measurements of these devices were carried out either at our laboratory under 
dark conditions and under simulated (calibrated with NREL) AM 1.5 light conditions 
by a dual beam solar simulator (Wacom), which provides light with an intensity of 

100 mW/cm
2
, or at Nuon-Helianthos by an Oriel Xenon lamp solar simulator.  

The light soaking of these devices was done either in our laboratory with near 
AM1.5 (~80 mW/cm2) light condition at 50oC or at Nuon-Helianthos under 76.5 

mW/cm
2 
at 60 oC. The light-soaking set up in our laboratory can record in-situ the J-V 

parameters during the degradation experiments. 
The structure of the samples was studied by cross-sectional transmission electron 

microscopy (XTEM) at Delft University of Technology. 
 

6.3 VHF PECVD a-Si:H Single Junction Solar 

Cells/Modules on Foil 

Before the micromorph silicon tandem modules on flexible substrate were fabricated, 
the optimization of a-Si:H single junction cells on Asahi-U type glass substrates with 
a cell structure applicable to Helianthos concept was performed. The plasma 
depositions for doped and intrinsic layers and solar cells were applied, for the 
requirements of the depositions on aluminum foils according to the Helianthos 
concept. 
 

6.3.1 Solar Cell with Double P-layer on Glass 

In order to have the same substrate condition as on Al foil, a ZnO:Al layer was 
deposited on the SnO2:F layer before deposition of the p-i-n silicon layers. Therefore, 
a nanocrystalline p-layer had to be introduced to eliminate the barrier between the 
ZnO:Al and the amorphous p-layer. The schematic structure of the double p-layer cell 
is shown in Figure 6-4. This solar cell showed an initial efficiency of 9.54% (FF = 
0.72, Voc = 0.86 V, Jsc = 15.4 mA/cm2). 
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Figure 6-4: A schematic diagram of the double p-layer structure in single junction a-Si:H solar 
cell. 
 

6.3.2 VHF PECVD a-Si:H Single Junction Solar Cells on Foil 

Results of as-fabricated COF 

Figure 6-5 shows the J-V characteristics of an a-Si:H single junction cell-on-foil. This 
cell has an initial active area (0.912 cm2) efficiency of 7.69% (Voc = 0.834 V, Jsc = 
13.14 mA/cm2, FF = 0.71). The i-layer thickness is 350 nm, which is confirmed by 
XTEM (see Figure 6-10). The corresponding reference a-Si:H single junction solar 
cell on Asahi-U type glass shows an initial efficiency of 10.3% (Voc = 0.86 V, Jsc = 
16.63 mA/cm2, FF = 0.72). The difference in efficiency is mainly due to a lower short 
circuit current. There are two reasons for such behavior. (i) The i-layer thickness of 
the cell-on-foil is 100 nm thinner, so less light is absorbed. (ii) The back-reflector for 
the cell-on-foil is ZnO:Al/Al rather than ZnO:Al/Ag, therefore, reflection by the back 
contact is reduced. 
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Figure 6-5 J-V curves and the electrical characteristics of the a-Si:H cell-on-foil before and after 
light soaking.   
 

Results after Light Soaking and Annealing of the Cell-on-foil 

Most of the data and information on the degradation behavior of the COFs are given 
in Figure 6-5. The FF from initially 0.7 degraded only 11% after 1000 h. Compared 
with normal degradation values for standard a-Si:H cells (~20%) due to the 
Staebler-Wronski effect, this is relatively stable. The COF was measured again after 
2100 h of light soaking. The device efficiency and FF is stabilized at around 6.5% and 
0.59 respectively. The kinetics of the first 1000 h degradation shown in Figure 6-6 
reveal that there are three steps of degradation during the light soaking process. (i) 
The first 100 h: The FF decreased dramatically due to the amorphous silicon 
Staebler-Wronski effect, (ii) The next 500 h: the cell characteristics appear stabilized. 
This would mean that the defect density in a-Si:H is saturated. This is a fingerprint of 
typical protocrystalline silicon materials. (iii) After 600 h: The FF starts to decrease 
again. Considering the fact that the cell-on-foil was not encapsulated prior to the light 
soaking test, we speculate that contact deterioration is the major cause for the 
degradation at the later stage.  
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Figure 6-6 Normalized FF of the a-Si:H cell-on-foil up to 1000 h of light soaking 
 

After 2100 h of light soaking, the COF was annealed in nitrogen ambient oven at 
140oC for 1 h. The temperature and annealing time were chosen like this to make sure 
the plastic substrate does not deform or melt. The a-Si:H solar cell performance 
should improve, because most dangling bond defects are normally removed during the 
annealing process. The light J-V curves of the COF in the light soaked state (before 
annealing) and after annealing is given in Figure 6-7 and the corresponding cell 
characteristics are listed in Table 6-1. The Voc and Jsc remain constant, only the FF 
was improved. The annealing of the COF to some extent restored the cell 
characteristics. The dark J-V curves in Figure 6-8 reveal good overlap for voltages 
< 0.9 V and similar diode quality factors (~ 1.9) , inferring that the diode quality is 
unchanged. However, in the region above 0.9 V, a split in the curve occurred. This 
again gives an indication of an increase of series contact resistance. 
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Figure 6-7 J-V curve of the a-Si:H cell-on-foil before and after annealing. The cell was annealed 
after 2100 h of light soaking (LS). 
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Table 6-1: Cell-on-foil characteristics for as-deposited state, light soaked (but before annealing), 
and after annealing. 

 Eff. (%) Jsc (mA/cm2) Voc (V) FF 
Rs 

(Ωcm2) 
Rp 

(Ωcm2) 
As-deposited 7.69 13.14 0.834 0.702 7.88 1854 
LS 2100 h 
(before 
annealing)  

6.61 13.14 0.850 0.592 11.62 770.7 

After 
annealing  

7.07 13.14 0.850 0.633 9.27 1190 
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Figure 6-8: Dark J-V curve of the a-Si:H COF before and after annealing. The cell was annealed 
after 2100 h of light soaking (LS) 
 

400 500 600 700 800 900
0.0

0.2

0.4

0.6

0.8

1.0

Annealing

EC
E

wavelength (nm)

 Initial state
 (light soaked but) before annealing
 after annealing

 
Figure 6-9:  ECE curves of the a-Si:H COF at initial, after 2100 h LS and after annealing states. 
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The ECE curves of the a-Si:H COF in states of initial, light soaked (after 2100 h) 
and annealed  are depicted in Figure 6-9. These measurements were carried out in the 
dark (without light bias) and under short circuit conditions. Apparently, the effects of 
light soaking and annealing only influence the response in the blue wavelength region 
(350 nm < λ < 550 nm). This is typical for standard a-Si:H cell subject to 
Staebler-Wronski effect. We find that the annealing treatment can not completely 
restore the blue response in the COF, suggesting again that beside Staeble-Wronski 
effect there are other causes. 
 

Comparison of a-Si:H Layer Growth on Al Foil and Glass 

The knowledge about growth of silicon on aluminum foil is not as well developed as 
that about growth on glass (even if the aluminum foil is smooth). The a-Si:H cell on 
flexible substrate gives a slightly lower FF than that of cells on glass, and the 
deterioration can not be thoroughly explained by S-W effect. This points to the role of 
the substrate, i.e., aluminum foil in our case, on the silicon growth. Silicon layers 
were deposited in exactly the same way on the SnO2:F coated foil and on Asahi-U 
SnO2:F coated type glass. XTEM bright field images were made for the cross-section 
of the cells and the void structures were further studied by imaging in defocused mode.  

 (a) 

(b) 
 
Figure 6-10 XTEM images of (a) a-Si:H layer on SnO2:F coated aluminum foil (Helianthos TCO), 
the voids are indicated by the arrows and (b) a-Si:H layer on Asahi-U type TCOs ( glass coated 
with special texture SnO2:F) 
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In Figure 6-10, the XTEM images are shown for the silicon layers on (a) SnO2:F 
coated Al foil (Helianthos foil), (b) on SnO2:F  on glass (Asahi-U type TCO). The 
image in Figure 6-10 (a) shows elongated void structures in the silicon layer; they 
originate from the sharp V-shaped valleys of the SnO2:F TCO layer. This void 
structure is not observed in the image of the silicon layer on Asahi-U TCO. The 
evolution of such defective regions has been attributed to the shadowing effects [102]. 
However, sometimes the void structure does not start from the valley, rather after 
some incubation phase.  Hence, the formation of these microcracks could have some 
other origin, for instance the release of stress that is built up by differences in the 
volume expansion coefficient of the aluminum and silicon layers. It should be 
emphasized that the elongated void structure along the growth direction does not go 
through the entire silicon layer. This could explain that we still have good yield 
(~70%) in the performance of the cells. From these observations, we learn two facts: 
(i) If a single junction a-Si:H solar cell is deposited, the i-layer should be thick enough 
to prevent complete cracks in the i-layer, reaching the top contact. (ii) A tandem or 
multijunction structure might be advantageous to minimize the shunting possibilities. 
Other information the XTEM image provides is the actual thickness and deposition 
rate on the aluminum foil/TCO compared to that on glass/TCO. The thickness of the 
i-layer on TCO coated foil (Figure 6-10 a) is ~350 nm; the corresponding deposition 
rate therefore is ~ 0.2 nm/s.  
 

6.3.3 VHF PECVD a-Si:H Single Junction Modules on Foil 

Results of As-fabricated Module on Foil 

Using the same deposition and cell making procedure as described in Section 6.1.2, a 
single junction a-Si:H module on a flexible substrate was fabricated at 
Nuon-Helianthos after Si deposition at Utrecht University. This module has a total 
aperture area of 60 cm2, and consists of 8 series interconnected sub-cells (see also 
Figure 6-2 (b)). The module has an initial efficiency of 6.7% (Voc = 6.32 V, Jsc = 13.2 
mA/cm2, FF = 0.65). The corresponding J-V curve is shown in Figure 6-11. The COF 
result indicates a sub-cell Voc of around 0.83 V. This would suggest that 8 
series-connected sub cells should have a total Voc of 6.64 V. The Voc of 6.32 V for the 
module indicates that it is very likely that one of the sub-cells is partly shunted. The 
i-layer thickness in this module is also 350 nm. With a deposition rate of ~ 0.2 nm/s, 
the active layer can be finished within 30 minutes of deposition. This could be a very 
practical deposition time for industrial production. 
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Figure 6-11 J-V curve of the a-Si:H single junction flexible module before and after light soaking. 
The cell is stabilized after about 100 hours.  
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Figure 6-12: ECE curve of the a-Si:H single junction flexible module, in comparison with the 
ECE curve of the a-Si:H single junction COF.  
 

The ECE of the module was measured at IEF-5 Jülich in Germany. The initial 
ECE curves of the module and the COF are given in Figure 6-12.The devices have 
very similar ECE, due to exactly same deposition procedures. However, the ECE as 
well as the initial efficiency of the module are a bit lower than that of the COF. Two 
reasons should be considered: (1) There is about 8% dead area due to interconnection 
for the aperture area of a 60 cm2 sized module. (2) One sub-cell in the module is 
considered to be shunted.  
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Figure 6-13: Device characteristics (in normalized form) during 1000 h light soaking for the 
a-Si:H single junction flexible module . 
 

Results of Light Soaking of Module on Foil 

In order to study the stability of this module, it was degraded in the light soaking 
setup, in which the temperature of the module was maintained at 50oC.  The 
normalized characteristics of this module up to 1000 h light soaking are shown in 
Figure 6-13 in which all curves are plotted on the same normalized scale. The Voc and 
Jsc did not change much in this light soaking process. The identical trends for 
efficiency and FF suggest that the degradation of device efficiency is predominantly 
attributed to the degradation of module’s FF. In 1000 h of light soaking, the module 
efficiency and FF degraded 20% and 16% respectively. The deterioration mainly took 
place in the first 100 h, and then all characteristics remained nearly constant, which is 
also clearly observed in (Figure 6-11) the J-V characteristics of light soaked states 
after 112 and 224 hrs of light soaking. The stability behavior of the module is 
consistent with that of the COF’s.  
 

6.4 RF PECVD a-Si:H Modules on Foil 

In parallel, a-Si:H single junction solar cells have been deposited by RF PECVD at 
13.56 MHz on aluminum foil substrates. The i-layer deposition rate is around 0.1 
nm/s. Details of the fabrication procedure of module fabrication are described in 
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Section 6.1.2. The set heater temperature was empirically reduced from 343oC to 
320oC to have the foil substrate temperature closer than before to 210oC. The J-V 
curves of the modules for the two heater temperatures are shown in Figure 6-14 and 
Table 6-2. Nearly all characteristics were improved at lower heater temperature. 
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Figure 6-14: J-V curves of solar modules on flexible substrates, for which the i-layers were made 
at set heater temperatures of 340 oC and 320 oC. 
 
Table 6-2 : Device characteristics of solar cell module on flexible substrates with different set 
temperatures. Voc/c: voltage of the module/number of series connected cells. Rp/c and Rs/c are 
defined in similar way. 

cell 
Silane 
flow 
(sccm) 

Set temp 
(oC) 

Voc/c (V)
Jsc 

(mA/cm2)
FF Eff. (%)

Rp/c 
(kΩcm2) 

Rs/c 
(Ωcm2) 

P4192 5.5 343 0.8 12 0.5 4.7 0.6 25 

P4196 5.5 320 0.9 12 0.6 6.7 1.1 17 

 
 

6.5 Micromorph Silicon Tandem COF and Module on Foil 

Differently from a-Si:H, nc-Si:H layer has much stronger compressive stress, 
especially for a 2.2 μm thick nc-Si:H i-layer. As a consequence, nc-Si:H cell can not 
be optimized individually in a single junction structure on foil, we have to do the 
optimization of the nc-Si:H cell (bottom cell) in a tandem structure (on foil), in which 
the stress can be relaxed a little bit. 
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(a) 

 
(b) 

 
(c)  
Figure 6-15 Picture demonstration of (a) aluminum foil with nc-Si:H layer and (b) plain foil (c) 
VHF PECVD a-Si:H on foil and plain foil 
 

6.5.1 Introduction 

For tandem cells-on-foil, both the top cell and bottom cell layers were deposited by 
VHF PECVD in the ASTER, as described in the previous sections. In this 
multi-chamber system, all a-Si:H i-layers are prepared at a fixed distance of 27 mm, 
while all nc-Si:H i-layers are normally deposited in another chamber with an 
inter-electrode distance of 6 mm. The thermal deformation can be negligible for a 
deposition distance of 27 mm as in case of a-Si:H, but a curling of ~1 mm is a big 
fraction of the inter-electrode distance of 6 mm (see Figure 6-16) for nc-Si:H 
depositions. There is always big stress for good nc-Si:H material. Relevant photos 
shown in Figure 6-15 ascertain that nc-Si:H layers have apparently compressive stress. 
So when Al foils are used as substrates, the actual inter-electrode distance during the 
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deposition is smaller than the distance we expect from rigid substrates like glass. 
Hence, a good solution is to increase the inter-electrode distance, so that the effect of 
foil bending would have marginal effect on the plasma condition. The p·d product 
constant experiment was applied to this work. 
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Figure 6-16: Demonstration of thermal expansion of aluminum foil in the reactor of the VHF 
PECVD system. Distance effect is shown.  
 

Studies on cells on glass (Chapter 5) prove that these nc-Si:H materials deposited 
at a range of inter-electrode distances (from 6 to 12 mm) are device quality materials. 
We use same method for the bottom cell optimization on foil. One of the positive 
effects of this series is that the nc-Si:H i-layer deposition was increased to ~ 0.6 nm/s 
at a d of 10 mm from 0.45 nm/s at a d of 6 mm. 

For the optimization process, we use top cells deposited by VHF PECVD. Such a 
top cell has a Jsc of ~ 12 mA/cm2. The schematic structure of the tandem cell is given 
Figure 6-17. An air break is needed between the n-type nc-Si:H and p-type nc-Si:H to 
form a good tunnel recombination junction (TRJ).  
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Figure 6-17: Schematic cross-section of  a-Si/nc-Si Tandem cell on Al foil  
 

6.5.2 The Optimization of nc-Si:H in an Inter-electrode 

Distance Series (p·d Constant) 

Device characteristics of a series of cells-on-foils and modules with i-layers made at 
varying inter-electrode distances, keeping p·d product constant, are shown in 
Figure 6-18. In general, the efficiencies of the modules as well as the side cells are 
strongly dominated by the FF. The best module efficiency is still obtained for the 
sample deposited at 6 mm. However, the best cell efficiency is obtained from the 
sample deposited at 10 mm.  
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Figure 6-18 Efficiencies and FF’s of a-Si/nc-Si module and cell on foil with i-layer made at 
different inter-electrode distances, keeping p·d product constant. The module and cell at a same d 
value are made on a same piece of foil. 
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The cell-on-foil with nc-Si:H i-layer deposited at 6 mm gives an initial efficiency 
of 6.62% (Voc = 1.286 V, Jsc = 8.53 mA/cm2, FF = 0.60). The bottom cell is 
generating at least 8.53 mA/cm2, which is higher than the Jsc of the single junction 
nc-Si:H solar cell on foil with same i-layer thickness, which is only 7.28 mA/cm2. 
This proves that the foil morphology does effect the characteristics of the nc-Si:H 
layer and carrier collection. This supports our approach that bottom cell optimization 
should be done on foils with top cell deposited. 

A cell-on-foil with nc-Si:H i-layer deposited at d of 10 mm achieved the highest 
initial efficiency of 8.12% (Voc = 1.274 V, Jsc = 10.04 mA/cm2, FF = 0.635). The cell 
has an aperture area of 2.5 cm2. Its J-V curve is shown in Figure 6-19, together with 
J-V of the correspondent single junction top cell on foil. The Voc of the tandem is 
approximately the sum of the Voc’s of a-Si:H (0.834 V/cell, Section 6.3.2) and 
nc-Si:H (0.49 V/cell) single junction devices on foils. This infers that these cells as a 
whole do not shunt and the individual cell also functions well. The deposition rate of 
nc-Si:H i-layer has been increased to 0.6 nm/s at an inter-electrode distance of 10 mm 
compared to 0.45 nm/s the standard 6 mm. The deposition rate of a-Si:H i-layer is 
~0.2 nm/s. These deposition rates guarantee that a 2.2 micron bottom cell nc-Si:H 
i-layer and a 350 nm top cell a-Si:H i-layer can be finished in around 60 and 30 
minutes respectively. We recognize that for this initial attempt on the tandem cell on 
foil, the result is not substantially better than the single junction a-Si:H cell on foil. 
This is mainly due to the lower fill factor that may be attributed to the characteristics 
of the bottom cell and/or laser scribing process. The tandem cell Jsc exceeds 10 
mA/cm2. The current of each sub-cell were studied via the ECE from spectral 
response measurement. The ECE curves measured at short circuit condition in the 
dark and under red and blue light are shown in Figure 6-20.  
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Figure 6-19: J-V curves of micromorph tandem COF with comparison to a single junction a-Si:H 
COF. Cell characteristics are given.  
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Figure 6-20: ECE of micromorph tandem cell on foil. The measurement was done without light 
bias, with blue bias light and red bias light, in order to get the response of the TRJ, bottom cell 
and top cell respectively. 
 

The curves showed that these cells are bottom cell limited and thus the current 
density and FF reflect the characteristics of the bottom cell. The SR measurement also 
indicates that the tunnel recombination junction (TRJ), connecting the top and bottom 
cells, performs well. The ECE curve measured without bias light reveals an almost 
text book triangle shape, which is formed due to wavelength dependence current 
limiting by top or bottom cell. However, the ‘triangle’ has some deviation for the 
response at short wavelengths 350 nm to 550 nm. This suggests that there is some 
current leaking in the bottom cell. We may conclude from the above studies that the 
nc-Si:H cell on foil performs better as the bottom cell in a tandem than as individual 
single junction cell. However, there is still room for improvement as far as leakage is 
concerned. Grading of this layer may substantially improve the Voc and FF and allow 
us to use thicker layers. 

For the grading, the total gas flow of silane and hydrogen was kept constant at 
85.7 sccm. The dilution [H2]/[SiH4] was varied from 27.6 to 27 then to 18. The result 
as far as Voc is concerned (which was increased to 1.31 V) was successful. However, 
because of low FF due to increased amorphous silicon content, efficiencies were not 
as good as we expected. 
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Figure 6-21: The light soaking data of the a-Si:H/nc-Si:H cell-on-foil with nc-Si:H i-layer 
deposited at inter-electrode distance of 10 mm. (a) efficiency, (b) FF  
 

6.5.3 Results of Light Soaking of the Micromorph Tandem 

COF 

The 2.5 cm2 a-Si/nc-Si solar cell-on-foil with 8.12% initial efficiency was light 
soaked for 1000 hours at constant 50oC under AM1.5 light condition. The efficiency 
and FF values during the light soaking are given in Figure 6-21. This cell was kept in 
the air for (for other measurements) about 5 months before it was light soaked. As a 
consequence, both the efficiency and FF increased to a maximum in the starting hours 
due to the annealing effect of the light soaking. However, this can not recover the 
as-fabricated values. The efficiency and FF of the cell became stabilized after around 
100 hours of light soaking.  After 1000 hours of light soaking, the conversion 
efficiency of the cell stabilized at 6.9% (Voc = 1.295 V, Jsc = 9.78 mA/cm2, FF = 0.55). 
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Compared to the as fabricated situation, its efficiency and FF degraded about 15% and 
14.2% respectively. The degradation of solar cell is mainly attributed to the change of 
FF. The decrease of Jsc is partly due to the deterioration of the metal contact, which 
can increase the Rs. The Voc is enhanced after the light soaking. The increase of dark 
current at small voltage (< 1 V) is observed. The dark J-V curves before and after the 
light soaking, relevant curves are given in Figure 6-22.  
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Figure 6-22: The dark J-V curve measured before and after the light soaking for the 
a-Si:H/nc-Si:H cell-on-foil with nc-Si:H i-layer deposited at inter-electrode distance of 10 mm. 
 

It is observed that for our devices on flexible substrate, the tandem cells are only 
slightly better than the single junction a-Si:H solar cells in terms of device 
performance. In fact, one of the expectations from the bottom cell current limited 
tandem cell is the stability. The efficiency of a similar tandem cell on glass substrate 
is ~ 11.9% (refer to Chapter 5), and its stability was proved in experiment (Refer to 
Chapter 4). However, the case for flexible substrate is different, due to the 
post-deposition fabrication. The light soaking data show that our tandem cell on foil is 
indeed good in stability. It would be better if cell area is also taken into account. In 
the post-deposition fabrication processes, for instance the laser scribing, the 
interconnection (only for module) and even the lamination, become more difficult 
when the cell area is big. The tandem cell’s area (2.5 cm2) is nearly 3 times the area of 
the a-Si:H single junction COF (0.912 cm2). If each of the post-deposition technology 
is improved, the tandem cell will be fabricated with much higher efficiency and 
stability. 
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6.5.4 Tandem Module with RF PECVD a-Si:H Topcell  

In later attempts of tandem modules on foil, the nc-Si:H bottom cells from Utrecht 
University was combined with good a-Si:H top cells deposited by standard RF 
PECVD at TU Delft. The interest for this top cell is its high Voc of 0.91V, in spite of 
the low deposition rate of its i-layer. The module delivers an efficiency of 7.88% 
(Voc/cell = 1.320 V, Jsc = 9.95 mA/cm2, FF = 0.60), and after encapsulation the 
efficiency was improved to 8.05% (Voc/cell = 1.327 V, Jsc = 10.39 mA/cm2, FF = 
0.58), corresponding J-V curves are shown in Figure 6-23. This module has an 
aperture area of 25 cm2, and consists of five 5 cm2 sub-cells.  
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Figure 6-23: J-V curves of the micromorph tandem modules on foil.  
 

6.6 Summary 

There are more challenges for deposition on flexible Al foil than on rigid glass 
substrate. The flexible nature of the foil could give rise to void structure in a-Si:H 
layer, due to different volume expansion coefficient of metal aluminum and silicon 
layers. If the void is elongated along the growth direction and penetrates the silicon 
layer, solar cells/modules will be shunted. The flexible nature the foil could also 
influence the real deposition distance for nc-Si:H by VHF PECVD, due to the thermal 
expansion of aluminum and the very short intended deposition distance for nc-Si:H. 
The strong stress of nc-Si:H should also be properly handled, or the layer would be 
damaged during the transfer and lamination process. 

In the end, several achievements were made. An a-Si:H single junction COF was 
made with an initial active area (0.912 cm2) efficiency of 7.69% (FF = 0.7). The FF 
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degrades only 11% after 1000 h light soaking. Further, the batch of COFs has high 
yield of ~70%. Corresponding a-Si:H single junction module with aperture area of 60 
cm2 shows an initial efficiency of 6.7%. With i-layer thickness of ~ 350 nm and a 
deposition rate of ~0.2 nm/s, the active layer can be finished within 30 minutes. 

The best micromorph tandem cell with nc-Si:H deposited at inter-electrode 
distance of 10 mm shows an initial efficiency of 8.12% (FF = 0.64). This cell has an 
aperture area of 2.5 cm2. After 1000 h of light soaking, the efficiency is stabilized at 
6.9% (FF = 0.55). The efficiency and FF degrade ~15% and ~14.2% respectively. The 
corresponding micromorph tandem module (top cell deposited by Technical 
University of Delft) with 25 cm2 aperture area delivers an initial efficiency of 8.05% 
(FF = 0.58). The 2.2 μm thick nc-Si:H i-layer was deposited at a rate of ~0.6 nm/s. 
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Appendix 

Estimation of the substrate temperature during 
sputter deposition in the SALSA 
 
 
As concern to the work described in Chapter 3, the real substrate temperature (Tsub) 
during the sputter deposition is very difficult to be precisely known for each run in the 
SALSA. Because of different experiment condition in each run, a same set substrate 
heater temperature (TH) could generate different real-time substrate temperature. 
 

The substrate temperature calibration had been done in an earlier work. Figure A. 
1 shows the real substrate temperature against the set substrate heater temperature for 
corning glass and stainless steel. The data presented in this picture are obtained in a 
plasma at a setting of the deposition parameters (500 W, 2 μbar, 140 mm) and has 
been used as calibration for the Tsub presented inside this thesis. In these calibrations, 
we have an experimental error value of ± 5 % of the substrate temperature.  
 

 
Figure A.1 The real Tsub as function of the TH for glass and stainless steel substrates. 
 
 

115 



116 



Abbreviations 

a-Si:H                        Hydrogenated amorphous silicon 
AFM                         Atomic Force Microscopy 
AM                            1.5 Air mass 1.5 (standard solar spectrum on the earth) 
APCVD                    Atmospheric pressure chemical vapor deposition 
ARS                          Angular resolved scattering  
ASTER                     Advance Silicon Thin film Experimental Reactor 
COF                          Cell-on-foil 
dH                              Hydrogen dilution 
ECE                          External collection efficiency 
ECR                          Electron-cyclotron resonance 
FF                             Fill factor 
FTIR                         Fourier transform infrared spectroscopy 
FTPS                         Fourier Transform Photocurrent Spectroscopy 
FWHM                     Full width at half maximum 
HCl                           Hydrogen chloride  
HIT                           Heterojunction with intrinsic thin-layer 
HWCVD                  Hot wire chemical vapor deposition 
i-layer                        Intrinsic layer 
IR                              Infrared 
ITO                           Indium tin oxide 
Jsc                              Short circuit current density 
LL                             Load lock 
LPCVD                     Low pressure chemical vapor deposition 
nc-Si:H                     Hydrogenated nanocrystalline silicon 
NIR                           Near infrared  
OES                          Optical emission spectroscopy 
PASTA                     Processing system for Advanced Semiconductor Thin film 

Applications 
PECVD                     Plasma enhanced chemical vapor deposition 
PEN                          Polyethylene napthalate 
PET                           Polyethylene terpthalate 
PV                            Photovoltaic 
rms                            Root mean square 
RF                             Radio frequency 
RT                             Room temperature  
Rp                              Parallel resistance 
Rs                              Series resistance 
SALSA                     Sputtering Apparatus for Light Scattering Applications 
TH                              Set substrate heater temperature  
Ts                              Substrate temperature  
TCO                         Transparent conducting oxide 
TRJ                          Tunnel recombination junction 
UHV                         Ultra high vacuum 
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UU                            Utrecht University 
Voc                            Open circuit voltage 
VHF PECVD           Very high frequency plasma enhanced chemical vapor deposition 
XRD                         X-ray diffraction 
XTEM                      Cross-Sectional Transmission Electron Microscopy 
ZnO:Al                     Aluminum doped zinc oxide 
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Summary 

 
Thin film silicon solar cells on flexible substrates have several advantages. They are 
lightweight, flexible, easy to handle, and cost efficient. A number of groups are 
involved in the development of novel types of flexible solar cells. In this thesis, 
results are presented aiming at highly efficient and stable amorphous silicon 
(a-Si:H)/nanocrystalline silicon (nc-Si:H) tandem solar cells (also called micromorph 
solar cells) on flexible substrates, using the Helianthos fabrication concept, which is a 
superstrate transfer method. 

Solar cells discussed in this work, including nc-Si:H single junction and 
micromorph tandem cells, were first prepared on glass coated with transparent 
conductive oxide (TCO) in order to optimize the process conditions and device design. 
Then, device structures were fabricated on TCO-coated aluminum foil using the 
insight gained with the structures on glass, and the cells and minimodules were 
transferred to plastic substrates at Nuon Helianthos B.V. and finalized. 

The research described in this thesis starts with the experiments on thin film 
ZnO:Al as a TCO layer. The ZnO:Al films were sputter deposited in a RF magnetron 
sputtering setup called SALSA using a range of substrate heater temperatures (TH). 
These layers have device-quality optoelectrical properties, but they have different 
mechanical stress. The layers sputter-deposited with a TH below 250oC, at 250oC, and 
above 250oC, show tensile, near-zero, and compressive stress, respectively. The 
ZnO:Al layers were texture-etched in diluted HCl to promote light trapping in nc-Si:H 
single junction solar cells.  

The exact HCl etch parameters (dilution, temperature, etchant refresh method) 
have crucial influence on the surface morphology and thus on the scattering properties 
of these layers. It was found that after etching, the ZnO:Al layers deposited at a TH of 
350oC show strong scattering (in the relevant wavelength range of the solar spectrum) 
and a high haze value at 1000 nm wavelength. Strong scattering could also be 
obtained for layers deposited without heating, while for intermediate substrate 
temperatures the scattering properties were inferior. In order to obtain better 
reproducibility, the etching treatments were performed while gently vibrating the 
samples. 

The surface morphology that was obtained, was characterized as V-shaped crates 
with a depth of 1 μm and a diameter of 0.5 to 1 μm. Nanocrystalline silicon single 
junction solar cells were deposited on two different texture-etched ZnO:Al substrates. 

119 



One was deposited at a heater temperature of 350oC and the other was deposited 
without heating. The efficiencies (and short circuit current densities) obtained under 
AM1.5 illumination were 8.1% (Jsc = 23.46 mA/cm2) and 8.3% (Jsc = 24.27 mA/cm2), 
respectively. The thickness of the nc-Si:H absorber layers was 2.2 μm. This shows 
that texture-etched ZnO:Al with V-shaped craters is suitable for efficient light 
trapping in nc-Si:H cells. 

These nc-Si:H single junction solar cells were used as bottom cells for bottom 
cell current limited micromorph tandem cells. We demonstrate that thermal annealing 
effects improve the resistance of the contacts in solar cells. Even the moderate 
temperatures during light soaking brought about this improvement. The top cell 
i-layer thickness was varied to create a stable bottom cell current limited micromorph 
tandem solar cell. An initial efficiency of 10.2% (FF = 0.69, Voc = 1.34 V, Jsc = 10.8 
mA/cm2) was obtained. The fill factor of these cells behaves stable and decreased by 
only 8.7% after 1000 h of light soaking, after which the cell parameters remained 
constant. After 1600 h of light soaking, the efficiency of the micromorph tandem cell 
was still at 9.5% (FF = 0.63, Voc = 1.34 V, Jsc = 11.3 mA/cm2). 

We studied the influence of pressure and inter-electrode distance on the SiH4/H2 
plasma and the resulting nc-Si:H layer properties. The inter-electrode distance is an 
important parameter, because the Al foil can become curled by the temperature 
changes during plasma deposition and the curling can alter the actual inter-electrode 
distance. The quality and deposition rate of the nc-Si:H i-layers for our bottom cell 
current limited tandem cells is influenced by the inter-electrode distance. We present 
correlations between material properties and pressure and inter-electrode distance. We 
found that the deposition rate could be increased either by shifting the pre-sheath in 
the plasma when the p·d product is kept constant, or by promoting the hydrogen 
abstraction reaction in other cases. Compact nc-Si:H with high Raman crystalline 
ratio is obtained at a p·d product of 30 mbar·mm. Single junction nc-Si:H solar cells 
were deposited with the optimized i-layers (at d of 6 mm and 12 mm) and initial 
efficiencies of 8.3% and 7.9% were measured,  respectively. The micromorph silicon 
tandem cells with these cells as the bottom cells showed initial efficiencies of 11.9% 
and 11.5%, respectively.  

All knowledge acquired was then applied to solar cell depositions on Al/TCO 
foils. The cells that were fabricated were a-Si:H single junction cell-on-foil (COF) 
structure and modules and micromorph tandem COF structures and modules. The 
a-Si:H single junction COF with an active area of 0.912 cm2 had an initial efficiency 
of 7.69% (FF = 0.70). The FF degraded only 11% (relative) after 1000 h of light 
soaking. The a-Si:H single junction module with an aperture area of 60 cm2 showed 
an initial efficiency of 6.7%.  Micromorph tandem cells were made using identical 
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a-Si:H top cells and nc-Si:H bottom cells under varying pressure-distance conditions 
for the i-layer where the p·d product was kept constant. 

A tandem cell on foil was obtained with an initial efficiency of 8.12% (FF = 
0.64). This cell had an aperture area of 2.5 cm2. After 1000 h of light soaking, the 
efficiency stabilizes at an efficiency of 6.9% (FF = 0.55). The efficiency and the FF 
degrade by ~15% and ~14.2%, respectively. Another micromorph tandem module 
was made with a top cell that was deposited at Delft University of Technology. This 
module, with 25 cm2 aperture area, delivered an initial efficiency of 8.05% (FF = 
0.58). The 2.2 μm thick nc-Si:H i-layer was deposited at a relatively high rate of ~0.6 
nm/s. 

The thesis contains several contributions to the research field of thin film silicon 
solar cells.  First, it has been proved experimentally that ZnO:Al with a special 
morphology (as described in Chapter 3) can be obtained easily by room temperature 
sputter deposition and subsequent controlled wet etching. This texture-etched ZnO:Al 
can enhance the current by efficient light trapping, so that high cell efficiency can be 
reached. Second, bottom cell current limited micromorph tandem cells were 
fabricated by optimizing the i-layer thickness of the sub-cells. As a result, the 
optimized high efficiency tandem cells can be very stable. Third, by studying the 
SiH4/H2 plasma at high pressures (1 mbar < p < 7 mbar) and different inter-electrode 
distances (d), we experimentally found that the deposition rate, Raman crystalline 
ratio and silicon porosity of these layers evolve with the change of the p·d product. 
Device-quality nc-Si:H layers with a high deposition rate of 0.6 nm/s were achieved. 
In the end, a-Si:H single junction and micromorph tandem solar cells/modules on 
plastic substrates were fabricated. The high efficiency, high stability, and high 
deposition rate give the flexible solar cells produced following the Helianthos concept 
enormous potential for the future PV market.    
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Samenvatting in het Nederlands 

 
Dunne film silicium zonnecellen op flexibele substraten hebben diverse voordelen. Ze 
zijn lichtgewicht, flexibel, eenvoudig in het gebruik en bovendien goedkoop. Een 
aantal onderzoeksgroepen is betrokken bij de ontwikkeling van nieuwe typen 
flexibele zonnecellen. In dit proefschrift worden resultaten gepresenteerd die kunnen 
leiden tot de produktie van stabiele amorf silicium (a-Si:H)/ nanokristallijn silicium 
(nc-Si:H) tandem zonnecellen (ook wel: micromorfe zonnecellen) met een hoog 
rendement op flexibele substraten, waarbij gebruik gemaakt wordt van het Helianthos 
fabricageproces, een superstraat-transfermethode.  

De zonnecellen die beschreven worden in dit werk, waaronder enkelvoudige 
(single junction) nc-Si:H cellen en micromorfe tandemcellen, werden eerst bereid op 
glazen substraten met een transparante geleidende oxide (TCO) laag, met als doel de 
procescondities en het ontwerp van de cellen te optimaliseren. Vervolgens zijn er 
devicestructren gefabriceerd op aluminiumfolie met een TCO-laag, waarbij gebruik 
gemaakt werd van de inzichten verkregen uit de structuren op glas. Daarna werden de 
cellen en minimodules door Nuon Helianthos B.V. verder bewerkt en overgedragen 
op plastic substraten volgens het  Helianthos zonnecelproductieproces.  

Het onderzoek dat in dit proefschrift wordt beschreven begint met de 
experimenten aan dunne film ZnO:Al dat gebruikt kan worden als TCO-laag.  De 
ZnO:Al lagen werden gedeponeerd door middel van sputteren in een RF magnetron 
sputtersysteem, genaamd SALSA, gebruik makend van het  gehele temperatuurbereik 
van het verwarmingselement dat de substraten verwarmt (TH). Al deze lagen hebben 
zg. ‘device quality’ optoëlektronische eigenschappen (d.w.z. geschikt voor gebruik in 
dunnefilm zonnecellen), maar de mechanische stress is zeer uiteenlopend. De lagen 
die gesputterd werden bij een heatertemperatuur lager dan 250oC ondervinden een 
tensiele stress. Lagen die gedeponeerd zijn bij een heatertemperatuur van  250oC 
ondervinden nagenoeg geen stress en lagen die gedeponeerd zijn bij een 
heatertemperatuur van boven de 250oC ondervinden compressieve stress. De ZnO:Al 
lagen zijn door middel van een etsbehandeling in verdund HCl getextureerd om de 
lichtopsluiting in nc-Si:H enkelvoudige junctie zonnecellen te bevorderen.    

De precieze HCl etsparameters (verdunning, temperatuur, verversingsmethode 
van het etsmiddel) hebben een cruciale invloed op de oppervlaktemorfologie en 
daardoor op de lichtverstrooiingseigenschappen van deze lagen. Zo werd duidelijk dat 
de ZnO:Al lagen gedeponeerd bij een TH van 350oC aanzienlijke lichtverstrooiing 
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vertonen (in het relevante golflengtegebied van het zonnespectrum) en een hoge 
zogenaamde haze waarde bij een golflengte van 1000 nm. Een sterke verstrooiing 
wordt ook verkregen voor lagen die zonder heating werden gedeponeerd, terwijl voor 
de substraattemperaturen in het middengebied de verstrooiingseigenschappen minder 
goed zijn. Om de reproduceerbaarheid van de etsbehandeling te verbeteren, werden de 
samples licht heen en weer bewogen tijdens het etsen.    

De oppervlaktemorfologie die werd verkregen kan worden gekarakteriseerd als 
V-vormige kraters met een diepte van 1 μm en een diameter van 0.5 tot 1 μm. 
Nanokristallijn silicium enkelvoudige junctie zonnecellen werden gedeponeerd op 
twee verschillende door middel van een etsbehandeling getextureerde ZnO:Al 
substraten: De ene werd gedeponeerd bij een heatertemperatuur van 350oC en de 
andere zonder heating. De rendementen (en kortsluitstroomdichtheden) verkregen bij 
AM1.5 belichting waren respectievelijk 8.1% (Jsc = 23.46 mA/cm2) en 8.3% (Jsc = 
24.27 mA/cm2). De dikte van de absorberende nc-Si:H lagen lag rond de 2.2 μm. Dit 
toont aan dat de met de etsbehandeling getextureerd ZnO:Al lagen met V-vormige 
kraters uiterst geschikt zijn voor efficiënte lichtopsluiting in nc-Si:H zonnecellen.  

Deze nc-Si:H enkelvoudige junctie zonnecellen zijn gebruikt als onderste, 
stroombegrenzende, cel in micromorfe tandemcellen. Voor deze tandemcellen laten 
we zien dat warmtebehandeling tot een verbetering leidt van de weerstand van de 
zonnecelcontacten. Zelfs de geringe mate van verhoging van de temperatuur tijdens 
langdurige belichting  leiden al tot een dergelijke verbetering. De dikte van de i-laag 
van de bovenste cel werd gevarieerd om een stabiele, door de onderste cel 
gelimiteerde, micromorfe tandemcel te fabriceren. Voor deze tandemcel werd een 
maximaal initieel rendement van 10.2% (fill factor (FF) = 0.69, Voc = 1.34 V, Jsc = 
10.8 mA/cm2) verkregen. De vulfactor (fill factor; FF) van deze cellen is stabiel: 1000 
uur onafgebroken belichting leidt tot een relatieve afname van slechts 8.7%. Hierna 
bleven vervolgens alle zonnecelparameters constant. Na 1600 uur belichting was het 
rendement van de micromorfe tandemcel nog steeds 9.5%  (FF = 0.63, Voc = 1.34 V, 
Jsc = 11.3 mA/cm2).  

We hebben de invloed van gelijktijdige veranderingen in de druk en de 
elektrodenafstand op het SiH4/H2 plasma en de eigenschappen van de daaruit 
resulterende nc-Si:H lagen onderzocht.  De elektrodenafstand is een belangrijke 
parameter, omdat het aluminiumfolie krom gaat staan als gevolg van 
temperatuurveranderingen tijdens de plasmadepositie; deze vervorming kan de 
feitelijke elektrodenafstand beïnvloeden. De kwaliteit en depositiesnelheid van de nc-
Si:H i-lagen die gebruikt worden in onze door de onderste cel gelimiteerde 
tandemcellen wordt beïnvloed door de elektrodenafstand. In dit werk laten wij 
correlaties zien tussen enerzijds de druk en elektrodenafstand en anderzijds de 
materiaaleigenschappen van deze lagen.  
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Wij hebben gevonden dat de depositiesnelheid kan worden verhoogd ofwel door 
verschuiving van de zg. pre-sheath  van het plasma (zonder het p·d product te 
veranderen), ofwel door bevordering van de waterstofabstractiereactie. Compacte 
nc-Si:H lagen met een hoge kristallijne Ramanfractie zijn gefabriceerd bij een  p·d 
product van 30 mbar·mm. Enkelvoudige nc-Si:H zonnecellen zijn vervolgens 
gefabriceerd met deze geoptimaliseerde i-lagen (bij d-waarden van 6 mm en 12 mm) 
met een initiële rendementen van respectievelijk 8.3% en 7.9%. De micromorfe 
silicium tandemcellen met deze cellen als onderste cel hadden initiële rendementen 
van respectievelijk 11.9% en 11.5%.  

Al deze kennis bij elkaar is vervolgens aangewend voor zonneceldeposities op 
Al/TCO folies. Zowel enkelvoudige a-Si:H  celstructuren en modules op folie (COF) 
als micromorfe tandem COF structuren en modules werden vervaardigd. De 
enkelvoudige a-Si:H COF had een actief oppervlak van 0.912 cm2 en een initiëel 
rendement van 7.69% (FF = 0.70).  De relatieve afname in FF na continue belichting 
gedurende 1000 uur was slechts 11%. De enkelvoudige a-Si:H module had een 
oppervlak van 60 cm2 en een initieel rendement van 6.7%. Micromorfe tandem cellen 
zijn vervolgens gefabriceerd met steeds dezelfde a-Si:H bovenste cel en nc-Si:H 
onderste cellen waarvan de i-laag bij verschillende drukken en elektrodenafstanden 
werd gedeponeerd, waarbij het p·d product constant werd gehouden.  

Voor een tandemcel op foliewerd een initieel rendement van 8.12% (FF = 0.64) 
bereikt. Deze cel had een oppervlakte van 2.5 cm2. Na 1000 uur belichting had de cel 
een gestabiliseerd rendement van 6.9% (FF = 0.55). Het rendement en de FF lieten 
hierbij relatieve afnamen zien van respectievelijk ~15% en ~14.2%. Een andere 
micromorfe tandemmodule werd gefabriceerd met een topcel van de Technische 
Universiteit Delft. Deze module, met een oppervlak van 25 cm2, leverde een initieel 
rendement van 8.05% (FF = 0.58). De 2.2 μm dikke nc-Si:H laag werd bij een relatief 
hoge snelheid van ~0.6 nm/s gedeponeerd.  

Dit proefschrift bevat bijdragen op verschillende onderzoeksgebieden van dunne 
film silicium zonnecellen. Allereerst is experimenteel aangetoond dat ZnO:Al met een 
speciale morfologie (zoals beschreven in Hoofdstuk 3) op eenvoudige wijze bij 
kamertemperatuur verkregen kan worden door sputterdepositie en een 
daaropvolgende, goed beheersbare, ‘natte’ etsbehandeling. Dit door etsbehandeling 
getextureerde ZnO:Al kan de stroomsterkte verhogen als gevolg van efficiënte 
lichtopsluiting, waardoor een hoog celrendement kan worden verkregen. Tevens zijn 
wij erin geslaagd micromorfe tandemcellen te ontwikkelen die door de onderste cel 
zijn gelimiteerd, door de dikte van de i-laag van de individuele subcellen te 
optimaliseren. Dit heeft ertoe geleid tot hoge stabiliteit van deze geoptimaliseerde 
tandemcellen. Ook hebben wij, door middel van studie van het SiH4/H2 plasma bij 
relatief hoge druk (1 mbar < p < 7 mbar) en verschillende elektrodenafstanden (d), 
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gevonden dat de depositiesnelheid, de kristallijne Ramanfractie en de porositeit van 
het silicium kan worden ingesteld door verandering van het p·d product. Wij zijn er 
verder in geslaagd om ‘device quality’ nc-Si:H lagen te fabriceren bij een 
depositiesnelheid van 0.6 nm/s. Tot slot hebben wij a-Si:H single junctie en 
micromorfe tandem zonnecellen en modules op plastic substraten gefabriceerd. Het 
hoge rendement, de hoge stabiliteit en de hoge depositiesnelheid geven aan dat de 
flexibele zonnecellen die geproduceerd worden volgens het Helianthos-concept 
enorme potentie hebben voor de PV markt in de nabije toekomst.  
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